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ABSTRACT

Coastal headwater streams in undeveloped forested landscapes function as a
natural storage and conveyance mechanism for rainfall and groundwater. Stream flows
are often driven by groundwater table depth, while soil saturation with a high water table
may drive rainfall response. Evapotranspiration also plays a significant role in
groundwater levels and influences stream flows both seasonally and diurnally. The
dynamics of coastal forested watersheds are complex, and water budgets of these low
gradient headwater streams are difficult to quantify.
Understanding these hydrologic dynamics is critical to water resources protection
and flood prevention in coastal landscapes, especially as forested areas are converted to
residential and commercial developments. A benchmark for baseline hydrology must be
established for sustainable development goals over the course of land use change.
Understanding short- and long-term hydrologic responses from the conversion of forest
lands to urban areas can minimize negative effects in terms of water quantity and quality.
Toward the goal of establishing a hydrology benchmark in a pre-development forested
watershed, three approaches were taken: quantifying the water budget, determining
runoff: rainfall relationships through hydrograph separation and curve number modeling.
Stream flows, groundwater levels, and rainfall were measured in an approximately 400acre coastal watershed, Upper Debidue Creek, on Bannockburn Plantation in coastal
South Carolina, USA. Evapotranspiration rates were also estimated with sensors located
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nearby on Oyster Creek which is maintained by NOAA. Water quality measurements
(temperature, specific conductivity) and water quantity (stage and flow rate) were
collected. In balancing the coastal watershed’s water budget parameters,
evapotranspiration was found to drive runoff through groundwater and soil storage
depletion during the growing season and recharging during the dormant season. Analysis
from hydrograph separation methods used for establishing rainfall-runoff relationships,
showed runoff to rainfall ratios increasing during the dormant season and decreasing in
the growing season, largely affected by the groundwater table position. Rainfall-runoff
ratios for the fall, winter and spring month in the current data set were 0.14, 0.56, and
0.19, respectively. During the summer months and peak growing season, the watershed
experienced rainfall but no measurable runoff. Predictions of runoff using the SCS Curve
Number method in comparison with observed data from Upper Debidue Creek, were
observed to better estimate runoff when groundwater elevation and antecedent rainfall
conditions were taken into account when back calculating curve numbers. The results
from these simulations showed that there is no one Curve Number value for the lower
coastal plain to predict runoff. The implications of the varying Curve Number are grave
when the protocol for post-development water management to reflect pre-development
calls for the use of one Curve Number value. The Curve numbers ranged from 96 to 35
for rainfall events during different antecedent moisture conditions on the same watershed.
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CHAPTER ONE
INTRODUCTION
Upper Debidue Creek watershed is an undeveloped forested wetland on a shallow water
table in the lower Atlantic coastal plain of Georgetown County, South Carolina, USA.
Having the opportunity to study the hydrologic characteristics of this coastal headwater
stream, research was conducted in order to establish a baseline for this undeveloped
watershed and similar watersheds. The overarching goal of this research is to provide
baseline information for water management strategies in low gradient coastal first-order
watersheds in the event of land use change that is occurring rapidly with respect to the
growing population and the residential and commercial development to support it, as well
as the intensive timber industry. (Amatya et al., 2006, Allen and Kang, 1993).
Development of land calls for the regulation of on-site water management on the
property; this affects the flow and transport of nutrients and pollutants and can directly
impact many geochemical and ecological processes (Renshaw et al., 2003). The
establishment of hydrologic characteristics for coastal headwater streams will aid in
decision-making related to land use and land development in these areas. Understanding
the behavior of the watershed can be instrumental in the development of effective storm
water management strategies, such as improved sustainable and low impact development
(LID) design criteria for coastal areas.
The importance of coastal headwater streams in undeveloped forested landscapes relates
to their function as a natural storage and conveyance mechanism for rainfall and
groundwater. Stream flows are often driven by groundwater table depth.
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Evapotranspiration influences groundwater levels and stream flows both seasonally and
diurnally. The dynamics of coastal forested watersheds are complex, and water budgets
of these low gradient headwater streams are difficult to quantify (Amatya et al., 1997;
Harder et al., 2007). There were three approaches used to explore and establish
hydrologic characteristics for this watershed: water budget, hydrograph separation, and
modeling with the NRCS curve number method. Water budgets allow for the watershed
to be broken into components: rainfall, evapotranspiration, soil storage, and surplus or
runoff in order to quantify the water usage in the watershed. The water budget required
the selection of the better method of calculating PET, quantifying runoff volumes from
streamflow, collecting rainfall data, and estimating a watershed area. The second
approach of separating hydrographs into the contributing components of baseflow and
storm flow allowed for the quantification of where the stream flow originated and gives
an indication as to how the watershed responds to various rainfall events under different
conditions. The volumes of streamflow and baseflow were used in hydrologic modeling.
. The hydrograph separation process involved parsing out the baseflow or groundwater
contribution and the storm water contribution. Two methods were used in determining
storm water runoff: straight line method (Chow et al., 1988) and back calculation
baseflow regression method (Williams, 2007). Runoff to rainfall ratios that quantify the
percentage of total rainfall that becomes surface runoff was also calculated. The ratio is
affected by land use, seasonal conditions and antecedent runoff conditions. In the
process of separating hydrographs and establishing a water budget, parameters were
calculated for the SCS Curve Number (CN) method (USDA-SCS, 1985). A hydrological
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model, HEC-HMS (USACE 2008) was used to simulate hydrograph responses based on
data from observed rainfall events. Curve number values were back calculated from
precipitation and runoff discharge. Two different methods of determining initial
abstraction were also explored in calculating Curve Numbers. A flow diagram is
presented in Figure 1-1 of the three-prong approach at determining relationships between
rainfall, streamflow, and groundwater elevation.

Figure 1-1. Visualization of the three processes (water budget analyses, hydrograph
separation and CN modeling) used to establish hydrologic characteristics of an
undeveloped lower coastal plain, forested wetland watershed.
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The goal of this research is to establish the hydrologic characteristics of a coastal
headwater stream located in a forested watershed with a shallow water table.
Understanding the relationships between rainfall, stream flow, groundwater elevation and
evapotranspiration will be helpful when development occurs in similar areas in terms of
decision-making for land use change practices and water resource management.
Determining the runoff volume and the runoff to rainfall ratio provides a metric that will
be useful in predicting how the groundwater levels and stream flows respond to various
storm events both under certain wet and dry soil conditions and during different seasons.
The work presented in the thesis took place in the first-order stream known as Upper
Debidue Creek, located on the Bannockburn Plantation property in the Atlantic lower
coastal plain in Georgetown County, South Carolina, USA. Within this watershed, the
primary objectives were to:
1. Develop a water budget of rainfall, runoff, groundwater contribution and
evapotranspiration for the contributing watershed
2. Establish a rainfall versus stream flow relationship in Upper Debidue Creek
3. Explore a method for developing modified curve numbers by using backcalculation process of the SCS Curve Number method.
In the next four chapters these three approaches are explored through literature review,
research methods and execution, interpretation and discussion of results, and conclusions.
Chapters 2-4 provide the majority of work related to this thesis in terms of the methods
and results for the approaches for hydrologic research provided in Figure 1-1. Chapter 5
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summarizes conclusions and future directions for hydrologic research in Upper Debidue
Creek, Bannockburn Plantation, and other similar watersheds of the Atlantic lower
coastal plain.
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CHAPTER TWO
WATERSHED BUDGET
ABSTRACT
Coastal headwater streams in undeveloped forested landscapes function as a natural
storage and conveyance mechanism for rainfall and groundwater as do most other types
of streams. Stream flows are often driven by groundwater table depth, while soil
saturation with a high water table may drive rainfall response. Evapotranspiration also
plays a significant role in determining groundwater levels and influences stream flows
both seasonally and diurnally. The dynamics of coastal forested watersheds are complex,
and water budgets of these low gradient headwater streams are typically difficult to
quantify.
Understanding these hydrologic dynamics is critical to water resources protection and
flood prevention in coastal landscapes, especially as forested areas are being converted to
residential and commercial developments. Baseline hydrology must be assessed as a
benchmark for sustainable development goals over the course of land use change, and
understanding short- and long-term responses from the conversion of forest lands to
urban areas can minimize negative effects in terms of water quantity and quality. Toward
the goal of quantifying the water budget in a pre-development forested watershed, stream
flows, groundwater levels, and rainfall are being measured in an approximately 400-acre
coastal watershed, Upper Debidue Creek, on Bannockburn Plantation in coastal South
Carolina, USA. Evapotranspiration rates were also estimated with sensors located nearby
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on Oyster Creek which is maintained by NOAA. Data being used for water budget
estimates from Upper Debidue Creek will be presented.
BACKGROUND
Establishing a water budget in the lower coastal plain of South Carolina involves
understanding the mechanisms of evapotranspiration and stream flow. A review of
previous works related to establishing a water budget proved beneficial in determining
approaches and useful methods.
Amatya et al, (2006) analyzed 30 years of annual rainfall as well as annual and monthly
streamflow data from two first-order watersheds: Watershed 80 and Watershed 77 (WS
80 and WS 77) on the Atlantic lower coastal plain. The hydrology of these watersheds is
characterized by shallow water tables which behave differently from upland watersheds.
These watersheds typically respond quickly to rainfall and evapotranspiration in terms of
streamflow. Watershed 80 was the control watershed as no treatments were imposed on
the watershed. Watershed 77 was the treatment watershed as it experienced control burns
periodically and some harvesting since 1968. The reactions of WS 77 in terms of run-off
volumes to these treatments were compared to WS80. The treatment watershed (WS77),
had consistently higher flow volumes and flow rates. Controlled burns and harvesting
affected evapotranspiration rates and increased stream discharge rates. The annual water
budget for WS 80 and WS 77 were also compared and in both cases the
evapotranspiration accounted for most of the rainfall uptake. In recent years 70-77% of
the total annual precipitation was lost to evapotranspiration on these two watersheds
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(Amatya et al., 2006). This is consistent with other water balance studies done on coastal
plain forested watersheds found that 60-80% of total annual precipitation was lost to
evapotranspiration(Amatya et al., 2006).
In another study by Caldwell et al., (2007) researchers investigated the hydrology of
natural wetlands that occurred within three Carolina bays in North Carolina. The bays
had been undisturbed for the past 70 years. Previous work based on water budget
estimates has suggested that during times when precipitation is greater than
evapotranspiration, the water table is above the surface, and when evapotranspiration is
greater than precipitation, the water table drops below the surface. Schalles and Shure
(1989) found in a Carolina Bay in Barnwell County, SC, that there may be surface and
groundwater connections during the wet periods and that these hydrologic connections
must occur laterally due to the dense clay aquitard below the bay restricting flows
vertically. Lateral flow only occurs when the water table is above the clay layer.
Research conducted in other Carolina Bays suggests that there was vertical and lateral
water movement in and out of the bay. The hydrology characteristics of the Carolina
bays differ from location to location. Water connections in each bay vary due to soil
characteristics surrounding the bay and water levels (Schalles and Shure, 1989), (Bruland
et al., 2003; Lide et al., 1995).
Caldwell et al., (2007) used methods for quantifying and qualifying the water budget for
the three Carolina Bays that involved collecting data on the soil characteristics, installing
wells and collecting data along transects, gathering weather data close to the bays, and
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recording rainfall in each site. The water level recording wells were installed to a depth of
1m with 4 to 7 wells to each bay site. The water table depth was recorded every hour and
averaged daily for a 2 year period. The rainfall data were averaged on an hourly basis for
the same 2 year period. To estimate evapotranspiration, wind speed, solar radiation, air
temperature, relative humidity, and barometric pressure data were collected from a
weather station located less than 15km away from each bay. The data collected was used
to calibrate a hydrologic modeling program, DRAINMOD. It was originally developed
to simulate agricultural drainage systems in poorly drained soils in the Coastal Plain, as it
assumes a network of parallel drainage ditches at a given depth and spacing above a
restrictive layer. The Hooghoudt equation was used to determine the relationship
between the water table depth and the drainage rate. An hourly water balance on a unit
area of the soil profile computed based on hourly rainfall and maximum and minimum
temperature, soil properties and drainage rates. DRAINMOD is used now to simulate the
hydrology of natural, undrained wetlands. Soil water characteristics on water retention
and saturated hydraulic conductivity data for each soil horizon above the restrictive layer
collected and DRAINMOD used this data to calculate additional soil properties as a
function of water table depth. The horizontal hydrologic conductivity was measured near
the water level recording well using piezometers. Soil cores were taken near each well to
1 m depth. Sections 7.6 cm in diameter and 7.6 cm in length were tested for saturated
hydraulic conductivity and soil water characteristics data (Caldwell et al., 2007).
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Although no drains exist in the natural wetland Carolina bay, the natural relationship
between water table depth and the drainage rate out of the system can be estimated using
Hooghoudt equation. The Hooghoudt equation:



 







(2-1)

Where K1 is the effective lateral saturated hydraulic conductivity of the soil above the
drain K2 is the effective lateral hydraulic conductivity of the soil below the drain, L is the
lateral distance between the drain tiles, de is the effective depth of the restrictive layer
below the drain. While the current watershed study is not considered a Carolina Bay,
information related to the data collection and water budget methods may prove
beneficial.
In another study of watershed water budget modeling, Harder et al. (2007) concisely
outlines the parameters of data collection and methodology for characterizing the water
budget of two coastal plain watersheds in South Carolina. Precipitation, outflow,
potential evapotranspiration, continuous water table measurements, soil hydraulic
properties, and water budget calculations were the inputs for quantifying the watershed’s
reaction to rainfall. Harder et al. (2007) gave the watershed description by giving a
history of the watershed’s usage and describing its soil properties, tree coverage, and
topography. Both watersheds were affected by Hurricane Hugo in 1989 and received
significant damage. However, only one of the watersheds was salvage harvested and has
taken less time to recover. Both watersheds were composed of a mixture of hardwoods
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and pine stands. For precipitation data collection, the use of weather stations with tipping
rain gauges and standard manual rain gauges were implemented. Two types of weather
stations were used; a Met25 and Met5. Outflow was measured using an automatic ISCO4210 flow meter and a compound v-notched and flat weir in the stream. The daily flow
volumes were calculated by integrating the interval flow rates over 24 hours. The daily
outflows were normalized to the area of the watershed to convert the flow to depth.
There were gaps in the outflow data due to equipment failures, so a relationship between
water table depth and outflow was developed. Daily outflows were plotted against the
average water table positions and fitted to a non linear function of the form y =
(a)(bx)(cx^2). These results were then compared to the estimates from the SCS rainfallrunoff relationship using the curve number (CN) approach in order to check the validity
of the regression (Harder et al., 2007).
Potential evapotranspiration was predicted using the Penman-Monteith PET model. A
weather station measured rainfall, air temperature, wind speed and direction, vapor
pressure, humidity, net radiation and solar radiation. This data was use to calculate daily
Penman-Monteith PET values for a grass reference. The watershed’s water table level
was continuously measured with a shallow monitoring well. This data was used to
estimate the change in soil water storage component of the water budget, drainable
porosity of the soils and to develop a relationship between stream outflow and water table
depth (Harder et al., 2007).
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To find the soils’ hydraulic properties, undisturbed soil samples were taken from four
layers at different locations on the watershed. The soil sample’s moisture retention data
or volumetric water content was obtained to provide a soil moisture retention curve. The
soil retention curve was then used to find the specific retention which is used to calculate
the soil-water storage capacity required for the Thornthwaite monthly water budget
model (Harder et al., 2007).
The water budget of the watershed was solved for by the equation:
P- ET –Q = ± ∆S.

(2-2)

Using the data collected from the rain gauges, flow meters and the estimation of the
potential evapotranspiration, the soil-water storage can be calculated. (Harder et al.,
2007) used the Thornthwaite-type water balance model to estimate the monthly
evapotranspiration model. The data ranges over two years of precipitation, streamflow
and evapotranspiration data. One year was exceedingly wet and the following year
received below average in rainfall and therefore very dry. The runoff coefficient for the
above average rainfall year in 2003 was 0.47 and the below average rainfall year 2004
had a runoff coefficient of 0.08. The range in runoff coefficients over these two years
highlights the variability of a first order forested watershed along the SC coastal plain
(Harder et al., 2007). Similar rainfall conditions occurred on the Upper Debidue Creek
watershed with 2008 receiving rainfall amounts above average and the following year in
2009 receiving below average rainfall.
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In deciding which potential evapotranspiration method for the water budget in the current
study of the Upper Debidue Creek watershed, Lu et al. (2005) compares six potential
evapotranspiration methods for the southeastern United States. Potential
evapotranspiration is generally defined as the amount of water that could evaporate and
transpire from a vegetated landscape without restrictions other than the atmospheric
demand (Thornthwaite, 1948; Penman, 1948; Jensen et al., 1990). PET represents the
maximum amount of water that can be lost to the atmosphere. A majority of precipitation
is returned to the atmosphere as evapotranspiration in the southeastern United States, an
area largely covered by forests. There are nearly 50 models for estimating PET. Many
are tailored for specific land cover and climate conditions. Some are calibrated for a
designated reference crop such as grass or alfalfa for agricultural purposes (Lu et al,
2005). For the purpose of this forested watershed, there have been few attempts to
measure forest PET directly. PET values for forested watersheds are indirectly estimated
using modified mathematical models. Lu et al., (2005) compared six methods of PET
calculations in their study. Three methods were radiation based (Makkink, PriestleyTaylor, and Turc). Two methods were temperature based (Thornthwaite and HargreavesSamani) and a combination method (Penman-Monteith). Data comprising of streamflow,
land cover, climate, and watershed properties from 39 watersheds across the southeastern
United States were compiled for comparison of these six PET methods.
Lu et al, (2005) results found that across the 39 sites the greatest difference occurred
among temperature based PET methods than the radiation based methods. The PET
values estimated by the three methods based on radiation were found to be similar in
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magnitude. The Turc and Priestley-Taylor methods especially, had a correlation of 0.97.
The researchers present their findings for the 39 watersheds data sets and the Turc and
Priestley-Taylor methods had the highest correlation coefficients between PET and AET
estimates (Lu et al, 2005). Based on the findings of this study and for the scope of the
current study on Upper Debidue Creek watershed, the Turc method was chosen to
estimate PET values.
For comparison of PET methods, the Thornthwaite method was used to compare with the
Turc method. Thornthwaite method requires the length of day and daily mean
temperatures for daily PET estimates. Forsythe et al. (1994) presents a method for
calculating day length. Many models developed previously have been developed for
agricultural purposes. Forsythe et al (1994) cites that Schoolfield (1982) developed a
model to predict the day length in order to estimate the amount of irradiance received by
soybean crops to approximate optimal harvest time. Forsythe et al (1994) modified these
equations to allow for different definition of day length and twilight. There are different
definitions as to when the sunrise and sunset have occurred. The definitions that
Forsythe et al. (1994) offer are provided by the Smithsonian Institution, (1939).
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Table 2-1. Day length definitions with respective day length coefficients.
Day length definition (with and without twilight

p (degrees)

Sunrise/Sunset is when the center of the sun is even with the

0.0

horizon
Sunrise/Sunset is when the top of the sun is even with the horizon

0.26667

Sunrise/Sunset is when the top of the sun is apparently even with

0.83333

the horizon
With civil twilight

6.0

With nautical twilight

12.0

With astronomical twilight

18.0

The parameters that must be considered when modeling day length are the revolution
angle which is defined by the relationship of the Earth’s position with the sun, the
rotation and orbital revolution of the earth and the position of the flat surface on which
the light is acting on the Earth must be known. Equations 2-3 through 2-5 give the
mathematical relationships in order to determine the day length depending on the
calendar day.
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Where,
θ = Revolution angle from the day of the year (radians)
φ = Sun’s declination angle, angular distance at solar noon
between the sun and the equator, from the earth orbit
angle. (radians)
p = Day length coefficient (degrees)
J = Day of the year
L = Latitude (degrees)

The United States definition of day length is when the top of the sun is apparently even
with the horizon during sunrise and sunset using the day length coefficient of 0.833. The
day length coefficient of 0.2667 was used for the current watershed study. The resultant
Thornthwaite PET estimate values based on this day length model based on the two day
length coefficients (0.8333 and 0.2667) had a percent difference range of 0.71- 1.0 %.
Forsythe et al (1994) compared the CBM day length model to three other day length
models (Brock, BGC, and CERES). The results indicated that the CBM model provides
the most accurate results of the day length models. The least amount of error in day
length was found between latitudes 40° N and 40° S (within 1 minute of the published
Smithsonian Institute Meteorological Tables). The proposed CBM model was used in
this current study to calculate day length.
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Looking at the importance of forested watersheds in the lower coastal plain and how a
water budget can emphasize this inherent importance, Sun et al, (2005) uses a water
budget approach to depict how deforestation can affect the water quality and quantity
available to the southeastern United States. Forests play a major role in water resource
management. With over 50% of the southeastern United States topography being
currently covered by forests, they are essential for maintaining water quality and
improving aquatic ecosystems, (Sun et al., 2005). Because of climate variability and the
rapid development in the region, the generally water-rich region has experience water
shortages. The researchers cite that in 2002 during an exceptional drought; most of the
area’s wetlands were dry and a majority of the water supply systems were depleted. With
intensive forest management practices and increased water demand, there are concerns
about future water quality and hydrologic responses. Currently shallow groundwater
tables dictate the slow moving stream flow processes in the lower coastal plain with over
70% of precipitation returning to the atmosphere as evapotranspiration. In coastal
wetlands, the peak flows and volumes are relatively low and short lived compared to
upland watershed where evapotranspiration is lower (30-70%) and higher storm peaks
and volumes (Sun et al., 2005). It is important to understand the hydrological differences
between topography and land use. Sun et al., (2005) developed a model to predict
regional annual water yield (Y) at a meso-scale using the difference between precipitation
(P) input and actual evapotransp2ration (AET) output. The model is based on an existing
AET model, but they have included two different forest types and included a simpler PET
model.
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Y = P – AET

(2-6)

Sun et al., (2005) uses a relationship developed by Zhang et al., (2001) based on
hydrological data from 250 watersheds worldwide by correlating annual precipitation,
mean annual actual evapotranspiration and potential evapotranspiration estimated from
the Priestley – Taylor method.
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(2-7)

Where,
AET = Actual Evapotranspiration [in]
PET = Potential Evapotranspiration [in]
P = Precipitation [in]
w = Plant available water coefficient and represents
the relative differences of water use for
transpiration

The w parameter was reported to use 0.5 for short grass and crops and 2.0 for forests.
The AET was weighted based on the type of forest cover (deciduous, conifer and mixed).
Sun et al., (2005) used the Hamon temperature based method to estimate PET. The
model was calibrated on a watershed scale and then validated at a regional scale. The
results of using the model with Harmon PET values and the stated w parameters for
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deciduous and conifer greatly overestimated the AET for upland watersheds. Sun et al
explains that there are several reasons for the over estimation: Zhang et al. (2001) does
not differentiate forest types, effects of landscape features on water yield and AET; the
PET values estimated from Hamon methods may significantly different from the PET
values estimated by the Priestley –Taylor method; or the input precipitation and
temperature data may have errors. They made adjustments to the w parameter by
increasing it from 2.0 to 2.8 to obtain a best fit for all data points. They also decreased
the AET for deciduous forests by 20% based on a report that an evergreen forest used
20% more water than hardwoods on an ecosystem scale due to canopy interception
differences. The grassland w parameter was also increased from 0.5 to 2.0 to obtain best
fit for grassland areas. Afterwards, measured streamflow was compared to simulated
stream flow for 38 watersheds. A linear regression analysis was performed and the data
comparison was highly correlated with an R2 value of 0.83 with a slope of 1.05. The
model indicates that forest removal will increase water yield with large spatial variation
across the southern region of the United States (Sun et al., 2005).
Watershed Description
The Upper Debidue Creek watershed (33.38°N, 79.17°W) on a property known as
Bannockburn Plantation is located near Georgetown, South Carolina. The 400 acre area
has a diverse landscape ranging from an upland area of loblolly pine stand to a low land
mixed hardwoods. The area is considered a forested wetland as it has loblolly pines and
mixed hardwoods and intermittent streams that flow during periods of low
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evapotranspiration (ET) and adequate amounts of rainfall. The summer to late fall
months often have high frequency and intensity rain events in the area. High
evapotranspiration occurs during early fall while by late fall vegetation has begun to
transition to dormancy. During the summer months, high evapotranspiration rates reduce
soil water content and stream levels and baseflow decreases. There is also less
streamflow following a rain event. In contrast, baseflow increases as the dormant season
begins, as evapotranspiration wanes, water table rises and results in increased stream
levels in response to rain events. The soils with in the Upper Debidue Creek watershed
are predominately Leon (poorly drained), Lynn Haven (very poorly drained) and
Centenary (moderately well drained). The soil types are indicative of a shallow water
table and have relatively high permeability.
Upper Debidue Creek watershed is a first order watershed, whose headwater originates in
the upland forested area and flows through the undeveloped site and then into a highly
developed area with golf course ponds before meeting the estuarine water. Points along
the stream were monitored for water quantity and quality as water flows through the
forested area and into the highly developed area. All data presented in this section will
be from the undeveloped monitoring locations; one at the lowest point before flowing
onto the developed area of the watershed and the second site is the upper most
monitoring station. In Figure 2-1 the monitoring station are denoted by pentagons within
the delineated watershed area.
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Figure 2-1. Map and outline of Upper Debidue Creek watershed. The modified
watershed is confined to the area between the two culvert monitoring stations.
OBJECTIVES
For Upper Debidue Creek, the objectives of this research were to:
1.

Develop a water budget of rainfall, runoff, groundwater contribution and
evapotranspiration for the contributing watershed

2. Determine a relationship between water table and stream discharge
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METHODS
In order to quantify the surface and groundwater interactions of the Upper Debidue Creek
watershed, rainfall, stream flow, evapotranspiration parameters and groundwater flow
monitoring data were collected. The following sections give further detail in the
collection and analysis of the data collected in the process of establishing the interactions
of rainfall to surface water and groundwater.
Precipitation
Precipitation data was collected with an Onset ® Hobo ™ event-based tipping bucket
rain gage at an open canopy location within the Upper Debidue Creek watershed (Figure
3-1) on the Bannockburn Plantation property. There were two other gages located near
the watershed that are located on Middleton Creek. All rain gages record a 0.01 in. event
per tip and the tip events are summed to calculate rainfall amount. These data were
converted to a time-series in hourly intervals for the determination of storm duration and
rainfall intensity. Data were downloaded at least once every two months or more
frequently as necessary based on storm event frequency and precipitation.
Stream flow
ISCO® 2150 Area Velocity flow modules were installed in two culverts on Debidue
Creek . The ISCO® 2150 Area Velocity sensors were deployed in circular 4ft and 3ft
corrugated culverts, recording stage height and velocity data in 15 minute intervals. For
the ISCO® 2150, stream flow parameters were measured using a pressure transducer for
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measuring stream level and an acoustic doppler sensor for measuring flow velocity. The
water level and velocity data were used to determine the flow volume through the culvert.
These data were validated by flow data measured with two 2-ft modified Parshall flumes
located immediately downstream from each culvert monitoring location. The culvert
sensors located at the outlet of the watershed are approximately 3.45 ft (1.05m) AMSL in
the right culvert and 3.15ft (1.0m) AMSL in the left culvert. The ISCO 2150 ® AV
sensor measured high flow rates better due to the sensitivity of the sensor, and the
flume’s vulnerability to submergence during high flow conditions, while low flow
conditions were best measured with the modified Parshall flume. High flow conditions
for the two-foot modified Parshall flume occur when flow rates are approximately 30cfs
or greater.
Each flume was instrumented with two pressure transducers; one in the approach and
another in the throat. The pressure transducers record the water level in the approach.
Knowing the water level the flume, indicates the free flow rate in the flume with the
Equation 2-8.
I  JK ;

(2-8)

Where,
Q = The flume discharge during free flow (cfs)
K = A constant dependant on the throat width and units
H = Head measured at the throat (ft)
n = Constant power dependent on throat width
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For a Parshall flume with a throat width of 2 feet, the K constant is 8.0 using units of feet
and the constant power, n, is 1.55. Free flow occurs when there are no backwater effects
to influence the head measured in the flume throat.. When there is sufficient backwater
depth, the discharge is reduced and this condition is called submerged flow. For a 2-foot
Parshall flume submergence occurs when ratio of the depth at the throat to the depth at
the approach is greater than 70%. The elevation of the flume at the outlet of the
watershed is 7.31 ft (2.23m) AMSL.
Groundwater
To monitor the flow and stage of groundwater, two multi-level piezometers have been
installed to transect the watershed from the watershed divide to the stream. There were
three vented pressure transducers at each location. The piezometric head of each sensor
was logged as a voltage every 15 minutes with a Hoboware® Energy Logger. Data is
downloaded periodically with a data shuttle. The pressure transducers were calibrated
before deployment to verify the factory issued calibration equation for converting voltage
into piezometric head. The data indicates the stage of the groundwater above the
pressure transducer and have been corrected for elevation. The piezometer locations
were not close enough in proximity to indicate lateral movement of groundwater. One
multi-level piezometer is located near the watershed divide 1027 ft (313m) away from the
watershed outlet at 14.5 ft (4.43m) AMSL with sensors at 5, 10 and15 ft below ground
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surface (bgs). The second multi-level piezometer is located in the stream bed with
sensors at 4 and 8 ft bgs and 995 ft (303m) away from P1 at the watershed divide.
Evapotranspiration
A LI-COR quantum sensor that measures photosynthetically active radiation (PAR) was
placed to record data for a year. A full spectrum radiation sensor is needed to incorporate
the wavelengths that contribute to evaporation. A relationship between the PAR data and
the full spectrum data was derived in order to use PAR data when estimating PET using
the radiation based PET methods. The relationship found was defined as Solar Radiation
= 0.4455.PAR with a coefficient of determination, R2 value of 0.9983 in Figure 2-2.
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Figure 2-2. Relationship between PAR (µE) and Solar radiation (W/m2) is shown.
defined to be Solar Radiation = 0.4455xPAR with a R2 value of 0.9983.
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Due to technical issues with downloading the PAR sensor on site; PAR data used in this
study originates from Oyster Landing weather station on the nearby North Inlet.
Thornthwaite and Turc method was used to determine daily and monthly PET values.
The Thornthwaite method uses daytime length, monthly mean air temperature, and
annual heat index. The Turc Method incorporates relative humidity, daily mean air
temperature, and daily solar radiation. As previously described, the PAR-full Spectrum
radiation relationship was derived for the solar radiation parameter required by the Turc
method. The two methods for PET calculations were used for comparison in developing
the water budget for the Upper Debidue Creek watershed.
Thornthwaite Method
QC T

LMN  1.6O P

R

S

(2-9)

Where,
Ld = Daytime length from sunrise to sunset in
multiples of 12 hours
T = Monthly mean air temperature (°C)
I = Annual heat index
a = Constant based on annual heat index

The annual heat index, I, is based on monthly heat indices.
U  ∑/
WX )W

(2-10)
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(2-11)

Where Tj is the mean air temperature, (°C) for month j; j = 1 through 12.
The annual heat index, I, is used to compute the constant, a, with the following equation:
a = 5.75x10-7 I3 – 7.71x10-5 I2 + 0.0179 I +.49239

(2-12)

To calculate the length of day, Ld, the CMB model was used for the calculation of
daytime length between sunrise and sunset. The CMB model is based on the relationship
of the earth to the sun, and rotation and orbital revolution.(Forsythe et al., 1995)
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Where,
θ = Revolution angle from the day of the year (radians)
φ = Sun’s declination angle, angular distance at solar noon
between the sun and the equator, from the earth orbit
angle. (radians)
p = Day length coefficient (degrees)
J = Day of the year
L = Latitude (degrees)
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Turc Method
The Turc method determines PET with a conditional equation based on the average
relative humidity (RH) and average temperature (T).
For RH < 50 %
LMN  0.013 PC

C

S [9  50 P1 

Z

ZQ\]
^Q

S

(2-16)

For RH > 50 %
LMN  0.013 PC

C
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(2-17)

Where,
T = Daily mean temperature °C
RH = Daily mean relative humidity (%)
Rs = Daily solar radiation (cal/cm2/day)
Soil-Water Budget
There were a few approaches taken to establishing a water budget for Upper Debidue
Creek Watershed. Monthly and weekly time intervals were used to estimate the runoff.
Monthly water budgets are the traditional practice used for a water budget. However,
rainfall events occurring at the end of a month affected the runoff into the next month,
causing discrepancies in runoff prediction; therefore, a weekly approach was taken in an
attempt to smooth out the data. When using a weekly interval, the method of calculating
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monthly AET does not apply very well to weekly interval, since it is dependent upon
receiving rainfall each week. As mentioned in the background, monthly AET was
calculated using relationship developed by Zhang et al. (2001) based on hydrological data
from 250 watersheds worldwide by correlating annual precipitation, mean annual actual
evapotranspiration and potential evapotranspiration estimated from the Priestley – Taylor
method.
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(2-18)

Where,
AET = Actual Evapotranspiration [in]
PET = Potential Evapotranspiration [in]
P = Precipitation [in]
w = Plant available water coefficient and represents the
relative differences of water use for transpiration

The Priestly-Taylor method differs in calculating PET from the Turc method, but in a
study comparing PET methods, Lu et al. (2005) found that the Turc method had a
Pearson correlation coefficient value of .97. The w value was 2.0 suggested for forests.
Weekly AET was calculated based on the soil storage for each week. As water capacity
in the soil declines the relationship of available water changes to form three linear
equations. The slopes of these linear equations are related to AET/PET. The ratio is
based on conditional statements:
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(a) If ST > 10.7, then AET/PET =1
(b) If 10.7> ST > 4.3, then AET/PET = 1-(0.01556(10.7 – ST)
(c) If ST < 4.3, then AET/PET = 0.9-0.21(4.3-ST)
The AET/PET is then multiplied by the calculated PET value for each week to find the
weekly AET. The surplus or predicted runoff is then determined by subtracting the
change in soil storage and AET from the rainfall.
In order to determine the performance of the soil water budget models based on monthly
and weekly time intervals, the Nash-Sutcliffe efficiency, E, was implemented. The
efficiency takes the sum of the squared differences between the predicted and observed
values, divides by the variance of the observed valued and subtracts from one (Krause et
al., 2005).

M 1$

∑àb_` D` 
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(2-19)

Where,
Oi = Observed data point
Pi = Predicted data point
dc = Average observed

The Nash-Sutcliffe efficiency, E, can range from 1 to -∞. 1 being a perfect fit and less
than zero indicates that the average of the observed values would have served as a better
predictor than the model (Krause et al., 2005).
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RESULTS AND DISCUSSION
Determining the relationships of rainfall, groundwater position and evapotranspiration to
stream flow can aid in establishing an annual coastal forest water budget. A water budget
can account for these factors that influence the quantity of water that travels through the
watershed.
Evapotranspiration
The two potential evapotranspiration methods, Turc and Thornthwaite were compared to
determine the more suitable method for estimating PET for the water budget.
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Figure 2-3 .Comparison of Thornthwaite and Turc PET values based on meteorological
data from August 2008 to August 2009.
In Figure 2-3, the monthly PET values are shown using the Thornthwaite and Turc
method of calculating PET. The percent differences between the two methods are also
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shown. A comparison of the Thornthwaite and Turc methods was conducted by
performing a soil moisture balance from September 2008 to September 2009. The results
are shown in Tables 2-2 and 2-3. From the soil-water balance, it was thought that the
Thornthwaite method overestimates PET rates during the summer and fall months and
underestimates PET rates during the winter and spring months compared to the Turc
method PET values. Also in a comparison of six PET methods for use in the southeastern
United States, (Lu et al., 2005) found that radiation based methods that were developed
for warm, humid climates performed well for the southeastern US. For water budget
calculations, the Turc method was used for estimating PET.

Monthly Water Budget Estimates
In coastal South Carolina, the forested water budget has a wet and a dry season that
overlap two vegetative seasons. The dry season is generally in the late spring months and
late fall months, while the wet season is generally the late winter with wet falls during
years with tropical storm impact. The high vegetative growth seasons are during the
spring and summer and the dormant months are late fall and winter. During the growth
season, the evapotranspiration rate is higher, and the water table, and ultimately stream
flow behavior, is largely affected by the vegetation. During the dormant months,
evapotranspiration tapers off and the response to rainfall events is dependent on the
groundwater level. Interpretation of and modeling based on these and future data can
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account for how vegetation seasonally controls groundwater level and thus stream flow in
these low gradient coastal watersheds.
The soil moisture balance for the Upper Debidue Creek watershed is based on 3 inputs.
The first is monthly rainfall depth in inches; second is the monthly potential
evapotranspiration and the third is, the equivalent depth of the soil storage capacity. The
equivalent depth is based on the soil’s field water capacity. Field capacity (FC) is the
amount of soil moisture or water content held in the soil after the excess water has
drained. It is defined as the water content in the soil retained under -0.33 bar of hydraulic
pressure. The soils in Upper Debidue Creek watershed are predominately Leon series,
which is typically around 97% sand. The field water capacity of sandy soils is 10- 15%.
The field water capacity was assumed to be 13% and the root depth was determined from
ground water table data. The ground water table data shown in Figure 3-10 show the
lowest water table position to be around 90 inches AMSL. Assuming the difference
between ground surface (174 in) and the lowest water table position (90in) to represent
the root depth of 84 inches, the effective storage depth of 10.9 inches for the watershed
was used in the soil water balance models. Effective root depth is defined as the root
depth multiplied by the FC.
The following steps were taken to create the Thornthwaite soil-moisture balance for each
month. First, the PET is subtracted from the precipitation received for the month. If the
difference is positive, this amount is available for storage or runoff/surplus. If the
difference is negative then the amount has to come from storage or creates a deficit,
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depending on the amount of water previously in storage. For example in Table 2-2, in
August 2008, the soil storage was at full capacity of 10.9 in. equivalent depth; based on
the data presented in Figure 2-5. In September, the watershed received 7.9 in. of rainfall
and the Turc method estimated 3.3 in of PET, therefore there was 4.6 in. of water that
was not used by evapotranspiration available to the watershed. Since the soil is saturated,
the 4.6 inches is considered to be surplus and contributes to runoff. It is assumed that for
each month the surplus is depleted by stream discharging from the watershed. The actual
ET is then assumed to be the maximum potential estimated by the Turc method as
enough rainfall was received to fulfill the ET demands. If the soil storage capacity is
maintained, then there is no change in storage as can be seen from September 2008 to
January 2009 in Table 2-2. In the same table for the month of February 2009 the PET
exceeded the precipitation. The difference is subtracted from the storage. The AET is
assumed to be equal to the PET because the need was met by the amount in the soil
storage. In terms of net monthly storage for this period, the rainfall is not keeping up
with the ET rates and the soil storage capacity is depleted. Then there is a deficit in the
soil moisture balance and the AET is the rainfall amount as it is assumed that there is no
water available in storage - much less surplus, the rainfall is completely consumed by ET.

35

Table 2-2. Monthly soil- moisture balance based on the Turc method for estimating PET
values.
Sep-

Oct-

Nov-

Dec-

Jan-

Feb-

Mar-

Apr-

May-

Jun-

Jul-

Aug-

Sep-

Total

Turc

08

08

08

08

09

09

09

09

09

09

09

09

09

[in]

P [in]

7.9

9.5

2.0

1.9

1.5

0.8

3.4

2.6

1.3

2.4

3.3

6.9

1.6

43.4

PET [in]

3.3

2.7

1.6

1.8

1.0

1.4

2.3

3.7

4.1

4.9

5.0

5.0

3.7

40.5

P-PE [in]

4.6

6.7

0.4

0.1

0.5

-0.6

1.1

-1.2

-2.8

-2.4

-1.7

1.9

-2.1

6.7

∆ST [in]

0.0

0.0

0.0

0.0

0.0

-0.6

0.6

-1.1

-2.2

-1.5

-0.9

1.9

-1.2

-3.8

ST [in]

10.9

10.9

10.9

10.9

10.9

10.3

10.9

9.8

7.6

6.1

5.2

7.1

5.9

111.4

AET [in]

3.3

2.7

1.6

1.8

1.0

1.4

2.3

3.7

3.6

3.9

4.2

5.0

2.8

37.2

4.6

6.7

0.4

0.1

0.5

0.0

0.5

0.0

0.0

0.0

0.0

0.0

0.0

12.9

P-ET∆ST [in]

Table 2-3 Monthly soil-moisture balance based on Thornthwaite method for estimating
PET values.
Thorn

Sep-

Oct-

Nov-

Dec-

Jan-

Feb-

Mar-

Apr-

May-

Jun-

Jul-

Aug-

Sep-

Year

[in]

08

08

08

08

09

09

09

09

09

09

09

09

09

[in]

P]

7.9

9.5

2.0

1.9

1.5

0.8

3.4

2.6

1.3

2.4

3.3

6.9

1.6

43.4

PET

6.7

4.8

2.5

1.2

1.3

0.6

0.9

1.6

3.3

5.4

7.3

7.0

7.1

49.5

P-PET

1.3

4.6

-0.4

0.7

0.2

0.2

2.5

1.0

-2.0

-3.0

-4.0

-0.1

-5.4

1.0

ΔST

0.0

0.0

-0.4

0.4

0.0

0.0

0.0

0.0

-1.8

-2.2

-2.1

0.0

-1.9

-6.1

ST

10.9

10.9

10.5

10.9

10.9

10.9

10.9

10.9

9.1

6.9

4.8

4.8

2.9

115.3

AET

6.7

4.8

2.5

1.2

1.3

0.6

0.9

1.6

3.1

4.6

5.4

6.9

3.5

43.0

1.3

4.6

0.0

0.3

0.2

0.2

2.5

1.0

0.0

0.0

0.0

0.0

0.0

10.0

P-ETΔST
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From September 2008 to September 2009 the Upper Debidue Creek watershed received
43.4 inches of rainfall. The Turc method predicted 40.5 inches of PET, while the
Thornthwaite method predicted 49.5 in. of PET. The Thornthwaite higher PET values
resulted in less predicted runoff (P-ET-∆ST) with 10 in. compared to the Turc method
PET rates and resulting total predicted runoff of 12.9 in.
There are two inputs for the water budget: precipitation (P) and potential ET (PET) which
are shown in the first two rows of water budget in Table 2-2 and 2-3. The next step in the
water budget was to determine if the precipitation received each month fulfilled the
requirements of the PET. This is done by subtracting PET from precipitation (P-PET) in
the third row of each table. Then the soil storage capacity is calculated. The soil storage
capacity is conditional dependent upon the amount of rainfall, PET for the month and the
soil storage for previous month. If Precipitation is greater than PET, then it is minimum
of the P-PET + the soil storage capacity of the month before or the maximum soil storage
capacity. If Precipitation is less than PET, then it is based on Equation 2-20.
eNf  eNf g h DBCD/jCklm

(2-20)

Where,
STt = Soil storage capacity of current time step (in)
STt-1 = Soil storage capacity of previous time step (in)
PET = Potential evapotranspiration for current time step (in)
P = Precipitation for current time step (in)
STmax = Maximum soil storage capacity (in)
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The Actual ET (AET) is also dependent upon the amount of rainfall received and PET.
Using Equation 3-20, if rainfall is greater than PET then AET is equal to PET. If rainfall
is less than PET, then AET = P + STt-1 – STt, which is rainfall plus the difference in the
soil storage of the previous time step and the current time step. The last step in the water
budget is predicting the runoff which is simply subtracting rainfall, AET and change in
soil storage. (P- AET-∆ST)
The Turc based water budget produced more realistic values when compared to observed
data. The Turc PET values were chosen over the Thornthwaite PET values based on the
observation of runoff from the watershed during the time, and supporting literature for
the Turc method being better suited for warm humid climate conditions that exist in the
Southeastern United States (Lu et al., 2005).
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Figure 2-4. Precipitation, potential evapotranspiration and actual evapotranspiration
equivalent depths for each month of 2007. Total rainfall was 32 in.
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Figure 2-5. Precipitation, potential evapotranspiration and actual evapotranspiration
equivalent depths for each month of 2008. Total rainfall was 58 in.
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Figure 2-6. Precipitation, potential evapotranspiration and actual evapotranspiration
equivalent depths for each month of 2009. Total rainfall was 27 in.
Figures 2-4, 2-5, and 2-6 show graphical representations of the water budget for the last
two and a half years based on rainfall and potential and actual evapotranspiration data.
The 2008 year was significantly wetter than 2007 and 2009 with 58 in of rainfall and only
two months (April and June) where the rainfall did not meet the PET requirements. In
order to compare with runoff data from July 2008 to April 2009 the soil storage capacity
in July was assumed to be at a maximum. There is support for this assumption with two
years of data prior and in July 2008 the precipitation of 11in. far exceeded the PET
requirements of 3.8in. Table 2-4 shows the water budget with observed runoff (R). The
water budget begins in July with a full soil storage capacity of 4.3 in. The water budget
method is based on Thornthwaite’s method for water balance in the watershed. The PET
values used in the model were from the Turc PET method.
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Table 2-4. Thornthwaite water balance for July 2008 through December 2009 when
discharge data was available. Turc method PET values were used.
Jul-

Aug-

Sep-

Oct-

Nov-

Dec-

Jan-

Feb-

Mar-

Apr-

08

08

08

08

08

08

09

09

09

09

P

11.0

6.0

7.9

9.5

2.0

1.9

1.5

0.8

3.4

2.6

1.3

2.4

3.3

6.9

1.6

3.8

4.0

8.7

PET

4.6

4.0

3.5

3.1

1.8

1.6

1.0

1.4

2.3

3.7

4.1

4.9

5.0

5.0

3.7

2.6

1.70

1.25

P-PE

7.3

2.7

4.4

6.3

0.2

0.3

0.3

-1.0

1.0

-1.1

-2.6

-2.4

-1.6

2.2

-2.1

1.3

2.3

7.4

ΔST

6.6

0.0

0.0

0.0

0.0

0.0

0.0

-0.9

0.9

-1.1

-2.1

-1.5

-0.8

2.2

-1.3

1.3

2.3

1.5

ST

10.9

10.9

10.9

10.9

10.9

10.9

10.9

10.3

10.9

9.8

7.6

6.1

5.2

7.4

6.1

7.3

9.4

10.9

AET

4.6

3.5

3.5

3.2

1.4

1.3

0.9

0.7

2.0

2.1

1.3

2.2

2.8

4.2

1.5

2.3

1.7

1.3

S

-0.2

2.5

4.5

6.2

0.6

0.6

0.6

1.0

0.5

1.5

2.2

1.8

1.3

0.5

1.5

0.3

0.0

5.843

R

0.4

1.7

5.4

10.6

5.56

2.6

0.94

1.16

2.74

2.23

0.014

0.014

0.008

0.121

0.038

0.015

0.6

7.6

[in]

May-

Jun-

Jul-

Aug-

Sep-

Oct-

Nov-

Dec-

09

09

09

09

09

09

09

09

In Table 2-4, the Thornthwaite water balance is from July 2008 to December 2009. This
time period is when there was measured discharge data at the outflow of the watershed.
The late summer and fall months of 2008 received a lot of rainfall (34.4 in) while the
winter 2008 and early spring months of 2009 received less rainfall (12.1in). The
important data to compare in Table 2-4 is predicted runoff to observed runoff for each
month. The predicted runoff (S) represents the water that is excess after the soil has
reached field capacity. The predicted runoff, S, is equivalent to P-PET-∆ST. In low
gradient watershed such as the Upper Debidue Creek watershed the not all of the excess
saturation will contribute to runoff, but may contribute to surface ponding in shallow
forested depressions within the watershed. Based on our measurements, there was more
runoff than rainfall and surplus in the months of October, November and February.
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There are a few possible explanations for this occurrence, (a) the storms occurring late in
September are contributing to runoff in October, (b) the high intensity rainfall events may
have caused inaccuracy in recorded rainfall data, or (c) there is an over-estimation of
runoff resulting from hydrograph separation methods which these analyses are based on.
In November, the same occurrence of more runoff than rainfall due to a late storm in
October was also evident.
The calculation of the discharge depth each month is dependent on the watershed area.
The total volume each month is divided by the watershed area. However, defining the
watershed area can be somewhat challenging as the shallow groundwater table level can
influence the amount of discharge not only in terms of volume but also based on the
variable spatial distribution of topography and soil surface elevation within the
watershed. The watershed area, delineated with LIDAR data, was found to be roughly
400 acres. This area is used in the monthly runoff calculations of the water budget.
Weekly Soil-Water Budget Estimate
The monthly interval of calculating the water budget for the Upper Debidue Creek
watershed seemed to be too long of an interval because in a few months the observed
runoff exceed the amount of rainfall for the month. A weekly approach was used in order
to address this problem. Rainfall, PET, AET and observed runoff were summed over 7
days instead of a month. The water budget was balanced to determine the predicted
runoff volume. In Figure 2-7 and 2-8 the weekly water budget for 2008 and 2009
respectively are presented.
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Figure 2-7. Weekly soil-water budget for 2008 with rainfall, PET, AET, predicted and
observed runoff.
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Figure 2-8. Weekly soil-water budget for 2009 with rainfall, PET, AET, predicted and
observed runoff.
Since observed runoff data begins in July 2008, comparison to predicted runoff is limited
to the latter half of 2008. The rainfall, PET and AET for the year prior to August 2008
(Figure 2-7) is shown to support and calibrate the model until the observed data was
available. The water budget is not able to take into account the effects of high ET rates
and low water table level has on the soil water storage capacity. Collectively, from
August 2008 to December 2009 the Nash-Sutcliffe efficiency was 0.40. In 2009, there
was less rainfall when compared to 2008 (Figure 2-8). The groundwater table declined
after April, once rainfall rates fell off and AET increased into the summer months. The
groundwater table began to rise due to the decline in AET rates and increase in rainfall

45

frequency. The magnitudes of rainfall events were smaller, and when coupled with ET
rates, the soil storage reflected deficits and the water budget did not over predict runoff as
compared to 2008.
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Figure 2-3. PET data from January 2009 to December 2009 with Groundwater elevation.
In 2009 water table level is available to compare with PET data as shown in Figure 2-9.
As PET reaches its peak rates, groundwater level maintains a low despite rainfall events.
Once ET rates decline, groundwater increases and the stream begins to flow again.
Stream Discharge and Water Table Response
The position of the water table influences the response of the watershed during a rainfall
event. When the water table is high, the smallest rain event can create a magnified
response compared to when the water table is low; soil storage capacity is nearly
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depleted, the same rain event will not create the same hydrograph as before. From a
water budget perspective, the daily or monthly rate of ET can indicate the loss of
precipitation input into the atmosphere. In the lower coastal plain up to 77% of rainfall is
returned to the atmosphere by a forested watershed (Amatya et al., 2006). In Figure 2-10
the effects of no rainfall and ET can be shown by the loss in water table depth over time.
The rain event around April 2, 2009 was the last major event of the spring season. The
piezometer at 5 ft below ground surface (bgs) is shown as the straight line after May
2009. The straight line indicates there is no water head above the sensor and the water
level has fallen below the sensor. The water table position is located between the 5 ft and
10 ft bgs sensor over this monitoring time interval. Figure 2-10 shows the piezometric
head of a sensor, P1, at the watershed divide. The elevation of P1 is approximately 174
inches AMSL. The water level near the watershed divide differs from the water level in
the stream.
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Figure 2-10. Upland (P1) piezometric head in inches from February to December 2009.
The ground surface is approximately 174 inches AMSL.
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Figure 2-11. Piezometric head in the Upper Debidue Creek (P3) from August 2009 to
October 2009
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Figure 2-12. Water Level from November 2008 to November 2009 from an open well
(W29) located close to the stream bed.
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The water level response at P3 and W29 shows a lot more variation compared to P1 at the
watershed divide. The ground water table is closer to P3 and W29 sensors and the
saturation level is higher and the sensors are more sensitive to capillary fringe than the
sensors at the watershed divide. Comparing ground water elevation at P1 and P3 to
discharge at the lowest monitored point on Upper Debidue Creek watershed shown in
Figure 2-13 and 2-14. An analysis was performed to find the maximum groundwater
level at which the stream ceases flowing. When the ground water level at the watershed
divide was above 127 inches or 10.67 feet AMSL with respect to the sensor, there is
runoff shown in the discharge data set.
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Figure 2-13. Stream discharge, daily rainfall, and ground water elevation at P1 from
January 2009 to December 2009.
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Figure 2-14. Stream discharge, daily rainfall, and ground water elevation at P3 from
August 2009 to November 2009.
In Figure 2-14, the groundwater elevation sensor in the stream came online in August
2009. For this short segment of data collection, when the groundwater elevation in the
streambed was at or less than 92 inches or 7.66 feet AMSL there was no flow in the
stream. Above 92 inches and there was stream discharge.
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Figure 2-15. Cumulative Rainfall, PET, AET and Runoff in daily increments. All
parameters in units of inches.
In Figure 2-15, the cumulative runoff is greater than PET and AET predominantly during
the dormant season when the ET rates are lower and rainfall rates are high and steady.
Runoff tapered off in April and May 2009 while cumulative rainfall increased without
change in runoff. Towards the end of October 2009 the ET rates decline and the runoff
begins to increase at the end of this data set.
CONCLUSIONS
Establishing a water budget for the lower coastal plain of South Carolina proved to be a
challenging task with a shallow groundwater table. The groundwater elevation and rate
of evapotranspiration drive the watershed’s hydrological response. Two methods of
determining PET were explored: Thornthwaite is temperature-based, and the other, Turc,
is radiation-based. The Turc method was chosen to calculate PET values to be used in the
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Thornthwaite water balance model. The Thornthwaite monthly water budget model does
not have the ability to take into account the effects of the groundwater position, therefore
the predicted runoff values that the water budget produced does not reflect the observed
data. Another issue with the Thornthwaite budget model is the monthly time interval.
Many rainfall events would occur at the end of the interval and resulting runoff volumes
would be experienced in the following month. Nash-Sutcliffe efficiencies were
determined based on observed and predicted runoff. From July 2008 to December 2009,
the monthly water budget had an ENS of -1.23, indicating that the average observed runoff
would serve as a better estimate than the predicted monthly runoff values. For the same
time period, the weekly water budget had an ENS value of 0.40, indicating that the weekly
water budget provided better runoff estimates than the monthly water budget approach
and that the water budget models were predicting runoff better than the average observed
runoff values, with room for improvement (toward a perfect Nash-Sutcliffe efficiency =
1.0). A longer monitoring period might be required to improve water budget estimates
and to achieve a higher efficiency value. In Figure 2-7 and 2-8 the weekly water budget
of 2008 and 2009 display the observed and predicted weekly runoff values. The runoff
was best predicted at the height of the dormant season when the ET rates had fallen off
and during the peak of the growing season, May through August, when the ET rates were
greater than rainfall received and no runoff was produced. During the transitioning
period between growing season and dormant season was when the water budget model
over predicts runoff due to the combination of ET and soil storage parameters not
representing what was physically occurring in the watershed.
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In relating streamflow and ground water elevation, with the available groundwater
elevation and stream discharge data, when the sensor in the stream bed (88.6in or 2.25m
AMSL) (P3) indicated ground water elevation as 92 in. AMSL or greater, then
streamflow occurs. For the sensor (P1) at the watershed divide (174.4in or 4.43m
AMSL) the flow threshold is 127in. AMSL. However, these values did not occur
simultaneously due to P3 sensor coming online later than P1. There is some speculation
that the threshold value for P3 would be higher because when P3 read 92in AMSL P1
was reading 108in AMSL, which indicates that the P3 data set is inconclusive to
determining a threshold elevation for flow. The “flow threshold” elevation at P1 can be
used as a predictor the watershed hydrologic response.
Future directions of investigation in establishing a working water budget for a lower
coastal plain watershed with a shallow water table should include: (1) the need to
incorporate ground water elevation into the Thornthwaite water budget; (2) exploring
more concise method of determining soil storage; and (3) investigate time intervals for
improving water budget models.
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CHAPTER THREE
HYDROGRAPH SEPARATION AND RUNOFF: RAINFALL RATIOS

ABSTRACT
Coastal headwater streams in undeveloped forested landscapes function as a natural
storage and conveyance mechanism for rainfall and groundwater. Stream flows are often
driven by groundwater table position while soil saturation with a high water table may
drive rainfall response. Evapotranspiration also plays a significant role in groundwater
levels and influences stream flows both seasonally and diurnally. The dynamics of
coastal forested watersheds are complex, and water budgets of these low gradient
headwater streams are typically difficult to quantify.
Understanding these hydrologic dynamics is critical to water resources protection and
flood prevention in coastal landscapes, especially as forested areas are being converted to
residential and commercial developments. Baseline hydrology must be established as a
benchmark for sustainable development goals over the course of land use change, and
understanding short- and long-term responses from the conversion of forest lands to
urban areas can minimize negative effects in terms of water quantity and quality. Toward
the goal of establishing a relationship between runoff and rainfall in a pre-development
forested watershed, stream flows, groundwater levels, and rainfall are being measured in
an approximately 400-acre coastal watershed, Upper Debidue Creek, on Bannockburn
Plantation in coastal South Carolina, USA. Methods for hydrograph separation are
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explored and resulting runoff rainfall relationships are presented. Data used for rainfallrunoff relationships from Upper Debidue Creek along with results from hydrograph
separation analysis will be presented as well.
BACKGROUND
In the lower coastal plain of the Southeastern United States, more information is needed
with respect to the region’s hydrological and biogeochemical processes, water and
nutrient balances and flooding patterns (Amatya et al., 2006).The coastal plain regional
land use is changing rapidly with growing populations and intensive timber industry
(Amatya et al., 2006), (Allen and Kang, 1993).
Understanding the flow of water and transport of nutrients through a watershed is
important for analyses related to land use decision making. Development could cause a
decrease in water quality of surface and subsurface water, acidified water resulting from
large runoff affecting the sensitivity of aquatic biota, transport of pollutants from nonpoint sources and how ecosystems respond to changes in land use and climate (Renshaw
et al., 2003). Development of land also calls for the regulation of on-site water
management on the property; this affects the flow and transport of nutrients and
pollutants and can directly impact many geochemical and ecological processes (Renshaw
et al., 2003). The establishment of hydrologic characteristics for coastal headwater
streams will aid in decision-making related to land use and land development in these
areas. If not properly managed, land use change within this watershed and in comparable
watersheds may significantly alter the natural hydrology of forested headwater streams.
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The modified hydrologic regime could result in changes in sediment, nutrient and
pollutant transport in these coastal areas. These streams that drain the lower coastal plain
are vulnerable to pollution due to the shallow water table aquifer that occurs along the
coast and the subsequent groundwater interaction (Wahl et al., 1997).
Related Works on Hydrograph Separation
Traditional hydrograph separation techniques that are applied directly to the stream flow
hydrograph include: straight line method, fixed base length method, and the variable
slope method (Chow et al., 1988).With the straight line method, a horizontal line is drawn
from a point where streamflow begins to increase to the recession limb of the
hydrograph. The fixed base method is guided by the assumption that the surface runoff
contribution ends at a fixed time after the hydrograph peak. Baseflow is projected to the
peak and then a straight line is drawn to the intersection of the hydrograph at the fixed
time. The variable slope method projects the baseflow to the time of the peak discharge
and the recession curve is projected backwards to the time of the inflection point of the
hydrograph and the two lines are connected by another straight line (Chow et al., 1988).
A study by (Eshleman et al., 1994) focused on quantifying the contribution of
groundwater to stream flow during and after rainfall events and in between events as well
as the stream flow generation processes involved. A chemical hydrograph separation
technique was also used to parse out the groundwater contribution. The watershed is in
the Atlantic coastal plain and has a shallow ground water table which is comparable to
the Upper Debidue Creek watershed. Eshleman et al. (1994) hypothesized that baseflow
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is sustained by shallow groundwater discharge; saturated overland flow and direct
precipitation is the dominant source of storm flow; the discharge of shallow groundwater
occurs primarily within regions of the watershed where surficial saturation is evident.
These surficial saturation areas are in locations of riparian wetlands, where ground water
discharges from thin surficial aquifers between rainfall events. The riparian wetlands act
as an immediate source of baseflow and stormflow. The study’s piezometric head
monitoring indicated gradients were always in the direction of the stream during baseflow
conditions, which lends to water discharging from the riparian wetlands at a rate
sufficient enough to maintain baseflow in the stream. Soil hydraulic conductivity was
calculated using Darcy’s Law (Haan et al., 1994)to determine whether the magnitude of
shallow groundwater discharge was similar to the magnitude as baseflow. The authors
also looked at rainfall intensities in relation to stormflow response. Rainfall events with
high peak intensities produce more stormflow than events with low peak intensities.
For the chemical hydrograph separation, Cl- was the naturally occurring, conservative
tracer that makes the connection between stream, wetland and shallow groundwater. The
results of the study suggest that the storm flow response in this watershed can be
reasonably explained by saturation overland flow from variable source areas. It also
indicated that groundwater discharge is quantitatively more significant than overland
flow of direct precipitation from saturated areas. Eshleman et al. (1994) found that the
storm flow response of the Reedy Creek watershed was strongly dependent on the
hydrological conditions of the shallow groundwater, specifically in the riparian wetlands.
The authors found that significant storm flow responses only occurred when the surface

60

was saturated, supporting their hypothesis of saturation overland flow as the dominant
stream flow generating process. The discharge of “old” groundwater appeared to be the
result of groundwater being displaced as the water-table rises from direct infiltration
and/or recharge of saturated zones by groundwater flow from upland areas.
An approach to determining the new water contribution area (NWCA) to support
saturation overland flow: the new water volume was calculated by integration the new
water hydrograph. The new water volume was divided by the rainfall depth of the
rainfall event. This value gives an estimate of the area in the watershed that contributed
new water to runoff. This is assuming that the area contributed all the rainfall during the
event and the other area didn’t contribute any new water. It also assumes that this area is
static for each rain event; the contribution area is not variable.
In other watershed systems, namely not on the coastal plain where groundwater table is
as shallow, others propose that a groundwater ridging occurs, where there is a layer of
lower permeability and capillary fringe; however the authors explain that the saturated
areas are composed of sand and gravels where capillary fringe would be insignificant.
The soil composition explains rapid horizontal drainage of ground water from upland
areas and vertical infiltration in the riparian wetlands.
Tallaksen (1995) reviewed the many methods for hydrograph recession analysis. The
importance of recession analysis may prove useful for water resource management during
low flow conditions. The recession curves can indicate information concerning storage
properties and aquifer characteristics. Seasonal recession curves are the result of flow
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being influenced more by evapotranspiration. The observed seasonal differences in
recession dynamics generally show faster recession rates in the summer during peak
evapotranspiration compared to the more dormant seasons of fall and winter. The degree
of heterogeneity in soil and geology within a watershed can also influence the difference
in recession curve behavior.(Tallaksen, 1995)
Wittenberg (1999) proposes that while assuming a linear reservoir is sufficient in
estimating groundwater discharge, a non-linear reservoir function approach will produce
more realistic estimates.

The researchers found that the quick response of groundwater

flow to a rainfall event is largely the result of the increase in hydraulic head of the
groundwater reservoir accelerating the ex-filtration of ‘old’ pre-event water into the river
bed. When recharge of the groundwater reservoir ceases, hydrograph recession reflects
the storage-outflow of relationship of the aquifer. This is assuming that influences like
surface storage, groundwater abstraction and evapotranspiration are negligible. Analysis
of the recession curve helps determine the characteristics of the groundwater reservoir,
which is necessary for baseflow separation and estimation of groundwater storage and
recharge (Wittenberg, 1999)
Wittenberg (1999) cites Maillet (1905) earlier work of the exponential function to
describe the recession of baseflow. The exponential function implies that the aquifer
reacts like a single linear reservoir where the storage is proportional to outflow. Semilogarithmic plots of flow recessions of real rivers is still concave, which means the value
of the recession constant is not a constant but increases systematically with decrease in
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flow. To account for the non linearity of the storage-discharge relationship, an exponent,
b, was added. S = a*Qb. Wittenberg found from his data set of 80 gauges that the
average exponent value to be 0.5.
Wittenberg (1999) presents a year of hydrograph data with groundwater discharge and
recharge. The groundwater level shows a strong correlation to the computed storage.
The storage decreases exponential with depth, indicating a nonlinear relationship. This
could be the result of the shape of the aquifer or it could also be the decay in saturated
hydraulic conductivity. In conclusion, Wittenberg (1999) says that linear reservoir can
satisfactorily fit to shorter recessions, but not over long ranges. He suggests that linear
storage-outflow relationships be replaced by the more physically based assumption of b =
0.5 for general purposes.
Wittenberg and Sivapalan (1999) present findings from their watershed groundwater
balance study in Western Australia. Understanding and being able to quantify the water
balance of a shallow unconfined aquifer is important for watershed monitoring and
management. Watersheds have a seasonal water cycle that varies with time in storage,
discharge, evapotranspiration, and recharge. The relationship of these factors and rainfall
input is crucial. Due to the sandy soils with high transmissivity, the groundwater
recharge response to a rainfall event occurred within a few hours and would last for
several days. The recharge response would cause an increase in groundwater discharge,
reaching a maximum at nearly the same time of the cession of recharge. The inflow
caused an outflow due to the inherent rise in hydraulic head. The other component of the
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groundwater balance is evapotranspiration. They modeled the watershed with the
relationship S= a*Qb. Wittenberg applied the value for b that was derived from analyzing
80 gauge stations from Germany for this study watershed. Others have found that 0.3
and 0.4 values for b are better fits for other watersheds. Either way, it is believed that the
exponential function of b produces more physically realistic and provide a better match to
observed stream flow than the linear reservoir. The variation is in accounting for
evapotranspiration which is dependent on storage, vegetation and potential evaporation
(Wittenberg and Sivapalan, 1999).
Williams (2007) analyzed 11 years of annual rainfall, stream flow and ground water
elevations from Oyster Creek watershed in the North Inlet Estuary in eastern Georgetown
County, South Carolina, which is in close proximity to Upper Debidue Creek watershed.
Forested watersheds are known for rapid production of stream flow during a rainfall
event. In the coastal plain, the mechanism that produces such flows is largely unknown.
The traditional overland flow due to rainfall rate exceeding infiltration capacity of the
soil is rarely seen in forested watersheds. “Piston flow” and saturated overland flow are
two mechanisms proposed to explain stream flow. Many others have studied these
mechanisms on watershed with a gradient, but none on a low gradient watershed such as
Oyster Creek. With such a low gradient it is unlikely that there are preferential flow
paths or unsaturated flow is responsible for lateral flow to the stream. The baseflow
hydrograph separation method Williams used is based on Maillet (1905) linear model, Qt
= Q.*exp(-t/k). Taking the logQ, predicts a linear relationship of groundwater discharge
with time. The exp(-t/k) values were not stable through the years, so seasonal values
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were used to estimate ground water discharge. Groundwater recession curves were
extended backward to the peak flow to produce ground water estimates during multiple
peaks. The Oyster Creek watershed produced large and variable percentage of rainfall as
runoff. The water table position plays an important role in storm flow response. The
position of the water table is also highly related to the relation of peak flow to rain fall.
When the water table position at the watershed divide falls more than 1 meter below
ground surface, the sandy coastal soils have a high storage capacity. High intensity
rainfall events can all infiltrate and be stored as soil moisture or to the shallow water
table. The ratio of peak flow to rainfall increases with water table elevation, when the
water table is closer to the soil surface. The “piston flow’ mechanism is supported by the
lack of runoff after large rains when the water table is low. It requires that the capillary
fringe extends to the soil surface in order to transmit the pressure wave of rainfall to the
stream bed. This mechanism is only true when the water table is less than 1 meter below
soil surface. The data from this study supports the “piston flow” mechanism in that
without it there would be no flow in the stream. Williams also states that a variation of
the “saturation excess overland flow” appears to be present in these data and also those
from previous studies

Hydrograph Characteristics
Event hydrographs can vary depending on several factors. The duration and intensity of
a rainfall event, growing season and rate of evapotranspiration, antecedent runoff
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conditions, and groundwater level can influence the response of runoff from the
watershed. The groundwater table level varies along the transect of the watershed area
surrounding the stream due to elevation. During low flow conditions it can be assumed
that the water flowing into the stream is derived mainly from groundwater sources. This
can be assumed because once the water in the soil profile above the water table has been
depleted by vegetation or percolated down to the water table; the water flowing in the
steam is the result of the groundwater table intersecting the channel bed (Linsley et al.,
1982). During and after a rain event, the volume of water conveyed from the watershed
can be separated into groundwater contribution or baseflow and surface runoff. Large
storm flow response is dependent upon the antecedent runoff conditions and the
groundwater level prior to the rain event. The soil moisture condition prior to a storm
event would determine the response depending on the magnitude of the rainfall event
(Williams, 2007).
OBJECTIVES
For the first-order stream, the objectives were to:
1. Characterization of electrical conductivity for stream samples
2. Hydrograph separation based on preliminary straight line method with resulting
runoff: rainfall ratios
3. Hydrograph separation based on back – calculation baseflow regression with
resulting runoff: rainfall ratios.
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The overall goal is to establish a relationship between stream flow and rainfall in the
Upper Debidue Creek watershed. Specific conductance and two hydrograph separation
methods will be presented and discussed.
METHODS
Watershed Site Description
The Upper Debidue Creek watershed (33.38°N, 79.17°W) on a property known as
Bannockburn Plantation is located near Georgetown, South Carolina. The 220 hectare
area has a diverse landscape ranging from an upland area of loblolly pine down to a
mixture of hardwoods and shrubs closer to the beach. The area is considered a forested
wetland as it has loblolly pines and mixed hardwoods and intermittent streams that flow
during periods of low evapotranspiration (ET) and adequate amounts of rainfall. The
summer to late fall months often have high frequency and intensity rain events in the
area. High evapotranspiration occurs during early fall while by late fall vegetation has
begun to transition to dormancy. During the summer months, high evapotranspiration
rates reduce soil water content, while stream levels and baseflow decrease. There is also
less stream flow following a rain event. In contrast, baseflow increases as the dormant
season begins, as evapotranspiration decreases, water table rises and results in increased
stream levels in response to rain events. These interpretations warrant further
investigation.
The soils with in the Upper Debidue Creek watershed are predominately Leon (poorly
drained), Lynn Haven (very poorly drained) and Centenary (moderately well drained).
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The soil types are indicative of a shallow water table and have relatively high
permeability.
Upper Debidue Creek is a first order watershed, whose headwater originates in the upland
forested area and flows through the undeveloped site and then into a highly developed
area with golf course ponds before meeting the estuarine water of Debidue Creek feeding
into North Inlet. Points along the stream are monitored for water quantity and quality as
water flows through the forested area and into the highly developed area. All data
presented in this section will be from the undeveloped monitoring locations; one at the
lowest point before flowing onto the developed area of the watershed and the second site
is the upper most monitoring station. In Figure 3-1 the monitoring station are denoted by
pentagons within the delineated watershed area.
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Figure 3-1 . Map and outline of Upper Debidue Creek watershed. The modified
watershed is confined to the area between the two culvert monitoring stations.
Instrumentation
Precipitation data is being collected with an Onset ® Hobo ™ event-based tipping bucket
rain gage at an open canopy location within the Upper Debidue Creek watershed (An
ISCO® 2150 Area Velocity flow module or ISCO® 750 area velocity flow plug-in module
for ISCO® 6712 automatic sampler has been placed in locations along the stream where
culverts convey the flow of Debidue Creek. Currently, both ISCO® 2150 Area Velocity
and ISCO 750 flow modules are deployed in circular road culverts and recording stage
height and velocity data in 15 minute intervals. For the ISCO® 2150 and 750 models,
stream flow parameters are measured using area-velocity (AV) sensors which include
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pressure transducers for stream level and acoustic Doppler technology for velocity. The
water level and velocity data are used to determine the flow volume through the culvert.
This data can be checked and supported by the flow data recorded from two two-foot
modified Parshall flumes located immediately downstream from each Bannockburn
Plantation sampling location. Each flume was instrumented with two pressure
transducers; one in the approach and another in the throat to measure water level. The
pressure transducers are rated for 1 psi, which means that it can read up to 2.31 feet in
depth and very sensitive to changes in water level in the approach. The data is logged by
a Hobo ® Energy Logger with a reading every 5 minutes. Knowing the water level the
flume, indicates the free flow rate in the flume with the Equation 3-1.
I  JK ;

(3-1)

Where,
Q = The flume discharge during free flow (cfs)
K = A constant dependant on the throat width and units
H = Head measured at the throat (ft)
n = Constant power dependent on throat width

For Parshall flume with a throat width of 2 feet, the K constant is 8.0 using units of feet
and the constant power, n, is 1.55. Free flow is when there is insufficient backwater depth
to reduce the discharge rate. When there is sufficient backwater depth, the discharge is
reduced and this condition is called submerged flow. For a 2-foot Parshall flume
submergence occurs when ratio of the depth at the throat to the depth at the approach is
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greater than 70%. The flume data will be helpful to estimate low flow conditions in the
culverts. In-stream data is measured by sensors assembled on an In-Situ Troll 9500
Profiler datasonde with a vented cable. The datasonde records water level (ft),
temperature (oF), pH, optical dissolved oxygen (mg/L and % sat), and specific
conductance (µS/cm). The datasonde is deployed into stream channels where water level
persists year-round and stream flow mostly occurs, and also set above the channel bottom
to avoid influences from re-suspension of bottom material. For the purpose of this
research, specific conductance, temperature, and level are the parameters of interest. The
data from the datasonde are logged on the ISCO ® 6712 automated sampler, which is
downloaded periodically (monthly or more frequently based on storm event frequency)
using a ISCO ® 581 Rapid Transfer Device (RTD). ISCO ® Flowlink ™software is used
to manage flow data, sample event reports, and water quality parameter data.
Straight line hydrograph separation and Runoff: Rainfall ratio values
The straight line method of hydrograph separation assumes that the baseflow contribution
to the hydrograph is constant throughout the duration of the hydrograph (Chow et al.,
1988). The baseflow constant was based on the initial baseflow rate prior to the
beginning of the rainfall event. The hydrograph extends from some arbitrary time prior
to the rainfall event to a time where the flow rate had returned to pre-storm conditions.
The hydrographs in this study are shown with the flow rates in cubic feet per second
(cfs). The hydrographs were integrated over time to obtain the total volume, VT (ft3) of
the event. The baseflow volume, VB was integrated for the duration of the hydrograph.
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The difference between these two volumes is considered to be the runoff volume, VR.
The runoff volume is the result of the rainfall received by the watershed.
nC $ no  n\

(3-2)

An example of a hydrograph separation using the straight line method is shown in Figure
3-4. Once the runoff volume is determined for the hydrograph, the runoff: rainfall ratio
can be obtained. The runoff volume, VR is divided by the watershed area to get the
equivalent depth.
[pqr:sTtp;f pufv  A
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(3-3)

This depth is divided by the total amount of rainfall for that event. The results of the
straight line hydrograph separation and runoff: rainfall ratios of 11 rainfall events from
September to December 2008 are shown in Table 3-1.
Baseflow Regression for Hydrograph Separation and Rainfall: Runoff Values
The second method performed to determine the contributions of storm flow and base
flow during a hydrograph, is a baseflow regression back-calculation suggested by
Williams (2007). Due to the complexity of the conveyance of water off the watershed,
the area between the flow monitoring locations was isolated as the modified watershed
area. Historic ditching of the pine forest has resulted in a modified hydrology where flow
has been routed from another drainage area into the Upper Debidue Creek watershed. In
order to address this issue, the runoff volumes at the “up” and “down” locations were
subtracted from each other. The downstream location peaked before the upstream
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location because there was more contribution near the outflow of the downstream
location than at the upstream location. Therefore the flow rates at each location could not
be simply subtracted from each other based on time stamp alone. Instead a backcalculation regression based on the baseflow recession curve of each storm event was
performed. A moving average of an hour and a half was used to smooth the flow data
from the ISCO® 2150 A/V sensor. The 1.5 hour moving average included 6 data points
in the smoothing of the 15 minute interval data points. This range was used because a
period with more than 6 data points began to affect to hydrograph peak and recession
characteristics. Then the smoothed data was integrated to get the total volume of the
hydrograph resulting from a rainfall event.
For the baseflow volume contributing to the hydrograph, a recession constant, k, must be
determined. From the discharge data set of 15-minute intervals, different time intervals
were used to find the recession rate of the hydrograph. It was found that a four hour
interval was best suited to find the recession. Different time intervals (1, 2, 3 and 6
hours) were analyzed as well, but the rate of change in flow between each interval was
not significant enough to show change from one time step to the next or in the 6-hour
analysis, there were not enough data points for the recession in some cases. A ratio
calculation was performed on the four hour interval with the present time step divided by
previous flow value.
~:  If /If
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(3-4)

An average of the recession ratios was taken to determine a recession constant, k. The
range of ratios for the recession was chosen from the tail end of the hydrograph and back
up to where the hydrograph begins to level out and the ratio values were steadier. There
is some variability in the recession constant depending on the range of recession ratios, ki
selected. To determine the baseflow discharge rates for each particular storm event, the
last time step of the series was multiplied by the inverse of the recession constant, k.
This was repeated retrospectively to the time series until the baseflow recession curve
intersected the time step of the storm hydrograph’s peak flow (as shown in Figure 3-5)


If  If " PS

(3-5)

After the recession curve was calculated, a straight line was drawn from the initial
response of the rain event to the intersection of the baseflow recession curve at the time
step of the peak flow discharge. The area under the baseflow curves was integrated with
respect to time to determine the baseflow volume.
The baseflow regression calculation was performed on both hydrographs as shown in
Figure 3-5, the baseflow volume was found by integrating the area under the curve. This
includes the area of the hydrograph prior to the influence of the rainfall, the area under
the projection from the base of the hydrograph to the baseflow regression line and the
area under the regression line
The summed baseflow volume is subtracted from the total discharge volume for both
locations to get the runoff volume for each hydrograph.
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nC $ no  n\

(3-6)

Then the runoff volumes from the two locations are subtracted. The baseflow volume
from the upper location is added back to the difference of the runoff because the baseflow
volume at the upper location contributes to the baseflow volume at the down location and
in a sense would be subtracting the baseflow twice.
n\f?fTt  n\?; $ n\ ru   noru

(3-7)

The runoff volume in cubic feet is then divided by the area of the Upper Debidue Creek
watershed in square feet to have an effective depth in feet. For comparison to rainfall, the
effective depth was converted to inches. The results are shown in Table 3-2
[pqr:sTtp;f pufv 
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The runoff depth was then divided with the rainfall amount (in) to obtain the runoff:
rainfall ratio.

RESULTS AND DISCUSSION
The Bannockburn Plantation project site on which Upper Debidue Creek is located
experienced seventeen (17) notable storms (> 1.0 inches) during the fall season from
August 2008 to December 2009, based on rainfall data with stream flow response shown
as water level (Figure 3-2) at the most downstream culvert of Upper Debidue Creek at
Bannockburn Plantation
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In order to establish the relationship between rainfall and the stream flow that results
from an event, rainfall amount and intensity data were collected along with flow rates at
two points along Upper Debidue Creek. It is expected that the rainfall and stream flow
relationship also depends on the soil moisture content, saturated overland flow, and
groundwater level (Williams, 2007). Since the water table in the study watershed is
shallow, the groundwater level was used to determine the degree of soil saturation after
observation of the effects of rainfall events on the groundwater level. The antecedent
runoff condition (ARC) was used to estimate groundwater response to a rain event.
Results presented in this section were based on three types of analyses that were being
performed: 1) characterization of specific conductance in relation to stream discharge; 2)
hydrograph separation based on a preliminary straight line method with and resulting
runoff: rainfall ratios and 3) hydrograph separation based on back-calculation baseflow
regression with resulting runoff ratios.
Hydrograph Separation and Rainfall-Runoff Ratios
A closer look at stream flows measured by the ISCO® 2150 in relation to rainfall
provides a means of isolating events for hydrograph separation. Figure 3-2 shows the
hydrologic response of four storms during September; the wet season and end of the
growth season. The effects of the antecedent runoff conditions and rainfall amount can
be seen through the progression of the storms.
The straight line method is used as demonstrated in Figure 3-3. Ten hydrographs
resulting from rain events in September 2008 were analyzed using the straight line
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method of baseflow separation and the rainfall-runoff ratios were calculated as seen in
Table 3-1.

Daily Rainfall [in]

Flow Rate [cfs]
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
5
5.5
6
28-Sep

25-Sep

22-Sep

19-Sep

16-Sep

13-Sep

10-Sep

7-Sep

4-Sep

1-Sep

Daily Rainfall [in]

Flow [cfs]

12
11
10
9
8
7
6
5
4
3
2
1
0

Figure 3-2. Four major rainfall events with their respective hydrographs based on stream
flow rate.
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Total Flow (cfs)

8

Initial baseflow

7

Flow [cfs]

6
5
4
3
2
1

17-Sep

16-Sep

15-Sep

14-Sep

13-Sep

12-Sep

11-Sep

10-Sep

9-Sep

0

Figure 3-3. Hydrograph for rain event on September 11, 2008. Rainfall amount of 1.0 in.
and the stream flow response with projected straight-line baseflow.

78

Table 3-1. Rainfall events from September 2008 to December 2008 with their respective
rainfall-runoff ratios using the straight line method for baseflow separation.
Antecedent
Runoff

Rainfall

Total

Runoff

Condition

Amount

Streamflow

Volume

Straight line

Storm Date

(days)

(in)

Volume (in)

(in)

Runoff: Rainfall

9/5/2008

10

3.4

3.1

0.6

0.17

9/11/2008

5

1.0

2.1

0.3

0.35

9/16/2008

5

1.8

6.0

2.3

1.27

9/25/2008

9

1.7

6.3

2.3

1.35

10/9/2008

15

3.4

9.8

6.4

1.90

10/24/2008

15

5.7

11.8

9.5

1.66

11/3/2008

9

0.6

6.3

0.1

0.14

11/12/2008

9

0.9

6.0

0.1

1.30

11/29/2008

17

0.8

5.4

1.9

2.55

12/9/2008

8

1.1

4.7

1.4

1.36

In Table 3-1, the antecedent runoff condition, rainfall amount, total streamflow volume,
runoff volume and the runoff: rainfall ratios are given for each rainfall event in the
analysis. The antecedent runoff condition is the days prior to the rainfall event without
rainfall. The total streamflow volume results from integrating the area under the
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hydrograph and normalized by the watershed area. The runoff volume is the area above
the baseflow line in the hydrograph. The runoff volume was also normalized by the area.
Calculations using stream flow measurements and the straight line method for
hydrograph separation related to the Sept. 5, 2008 storm event resulted in a relatively low
rainfall-runoff ratio. With respect to stream conditions prior to this event, water level
decreased over previous week and the rainfall events for August were of low intensity
during peak growing season (high evapotranspiration). The 3.4 in. rain event was
significantly high in comparison, yet the stream response indicates most of this rainfall
contributed to soil storage with very little contributing to stream flow. After this
recharging event on Sept. 5, 2008, the runoff: rainfall ratio increases and seems to be
more consistent as the water table is maintained with frequent and similarly intense rain
events. The last column in Table 3-1 indicates after the first two storms, the water table
level and soil saturation is maintained and the runoff: rainfall ratios using the straight line
method for baseflow separation is over-estimating the runoff volume during each storm
and under-estimating the baseflow volume contribution as the ratio of runoff to rainfall is
greater than 1.
The water table level in reference to hydrograph response may explain the overestimation of runoff volume to rainfall as ground water contribution and antecedent
runoff condition plays a more significant role than allowed for in the straight line method.
Another method was performed to improve quantifying baseflow or ground water
contribution during and following a rainfall event is discussed in the following section.
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Baseflow Regression for Hydrograph Separation and Rainfall: Runoff Values
Due to the complexity of the conveyance of water off the watershed, initially the area
between the two flow monitoring locations was isolated as the modified watershed area.
Ditching of the pine forest routed the flow of water from another headwater to the Upper
Debidue Creek watershed. In order to address this issue, the runoff volumes at the
upstream culverts and downstream culverts were subtracted from each other. The
hydrograph at each location was integrated to determine the volume because the flow at
the downstream location peaked before the upstream location due to more runoff
contribution close to the outflow of the downstream location than at the upstream
location. Therefore the flow rates at each location could not be simply subtracted from
each other based on time stamp alone. Instead a back-calculation regression based on the
baseflow recession curve of each storm event at both locations was performed.
A moving average of an hour and a half was used to smooth the flow data from the
ISCO® 2150 A/V sensor. The hour and a half time period was chosen after a trial and
error process of various time ranges, this particular time period maintained the
characteristics of hydrograph without over smoothing the data. The smoothed data was
integrated to get the total volume of the hydrograph resulting from a rainfall event. Flow
data from the flume was much smoother; initially therefore no smoothing was performed
on flume data. For the baseflow volume contributing to the hydrograph, a recession
constant, k, had to be determined. From the discharge data set of 15-minute intervals,
various time intervals were used to find the recession rate of the hydrograph. Through
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trial and error, it was found that a four hour interval was best suited to find the recession.
Different time intervals (1, 2, 3 and 6 hours) were analyzed as well, but the rate of change
in flow between each interval was not significant enough to show change from one time
step to the next or in the 6-hour analysis, there were not enough data points in some
cases. The 4-hour interval using the smoothed data had the best data for indicating a
recession. A ratio calculation was performed on the four hour interval with the present
time step divided by previous flow value.
~:  If /If

(3-9)

An average of the recession ratios was taken to determine a recession constant, k. The
range of ratios for the recession was chosen from the tail end of the hydrograph and back
up to where the hydrograph begins to level out and the ratio values were steadier. There
is some variability in the recession constant depending on the range of recession ratios, ki
selected. To determine the baseflow discharge rates for each particular storm event, the
last time step of the series was multiplied by the inverse of the recession constant, k.
This was repeated retrospectively to the time series until the baseflow recession curve
intersected the time step of the storm hydrograph’s peak flow (as shown in Figure 3-5)


If  If " PS

(3-10)

After the recession curve was calculated, a straight line was drawn from the initial
response of the rain event to the intersection of the baseflow recession curve at the time
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step of the peak flow discharge. The area under the baseflow curves was integrated with
respect to time to determine the baseflow volume.

Down Flow

Down Base Recess

Down Peak

7
6

Discharge (cfs)

5
4
3
2
1
0
9/9/08

9/10/08

9/11/08

9/12/08

9/13/08

9/14/08

9/15/08

9/16/08

9/17/08

Figure 3-4. Storm hydrographs at the upstream and downstream locations of the Upper
Debidue Creek Watershed from rainfall event on 9-11-2008. The dashed lines are the
baseflow recession curve. The solid line is extending from the onset of the hydrograph
response to the rain input to the intersection of the baseflow recession curve at the time of
peak flow on the hydrograph.
The baseflow regression calculation was performed on the hydrograph as shown in
Figure 3-4, the baseflow volume was found by integrating the area under the curve. This
includes the area of the hydrograph prior to the influence of the rainfall, the area under
the projection from the base of the hydrograph to the baseflow regression line and the
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area under the regression line. The summed baseflow volume is subtracted from the total
discharge volume for both locations to get the runoff volume for each hydrograph.
nC $ no  n\

(3-11)

Then the runoff volumes from the two locations are subtracted. The baseflow volume
from the upper location is added back to the difference of the runoff because the baseflow
volume at the upper location contributes to the baseflow volume at the down location and
in a sense would be subtracting the baseflow twice.
n\f?fTt  n\?; $ n\ ru   noru

(3-12)

The runoff volume in cubic feet is then divided by the area of the Upper Debidue Creek
watershed between the two monitoring locations (118 acres) in square feet to have an
effective depth in feet. For comparison to rainfall, the effective depth was converted to
inches. However, subtracting the two hydrograph volumes and dividing by the area of
the watershed in between the two locations only improved some runoff: rainfall ratios.
The truncated watershed also caused problems later when trying to evaluate modeling
with curve numbers (Chapter 4). Subtracting the volumes of the two locations was
abandoned for calculating runoff: rainfall relationships. Only the hydrographs from the
downstream location were used for hydrograph separation and determining runoff:
rainfall relationships. The watershed area was determined to be approximately 400 acres
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(Chapter 4) and this area was used to normalize total and runoff volumes from the
hydrograph separation process. The results are shown in Table 3-2.
[p
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(3-13)

Table 3-2. Runoff :Rainfall ratios for storm events from September 2008 to December
2009. The days prior to the event without rainfall, the rainfall amount, calculated total
discharge volume and runoff volume from the watershed. Watershed area of 400 acres
was used in normalizing volumes.
ARC (Days

Rainfall

Total

Storm

Before Without

Amount

Volume

Runoff

Date

Rainfall)

(in)

(in)

Volume (in)

Runoff:Rainfall

9/5/2008

9

3.4

0.9

0.15

0.04

9/11/2008

5

1.0

1.0

0.12

0.13

9/16/2008

5

1.8

1.9

0.18

0.10

9/25/2008

9

1.7

1.8

0.33

0.20

10/9/2008

15

3.4

3.5

0.79

0.23

10/24/2008

6

5.7

7.5

3.89

0.68

11/3/2008

9

0.6

2.4

0.34

0.61

11/12/2008

9

0.9

2.2

0.69

0.81

11/29/2008

17

0.8

2.0

0.34

0.45

12/9/2008

5

1.1

1.7

0.12

0.12

3/1/2009

10

1.0

0.9

0.12

0.12

4/2/2009

8

3.5

7.2

0.93

0.27

8/28/2009

6

3.3

0.091

0.091

0.028

9/23/2009

17

1.5

0.004

0.004

0.002

10/28/2009

8

1.5

0.025

0.025

0.017

12/18/2009

3

5.7

4.8

4.58

0.80
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The runoff: rainfall ratios resulting from the baseflow recession estimation appear to
reflect what is physically happening in the watershed response compared to the results of
the straight line method. As rainfall is entering the watershed through infiltration into the
predominately sandy soils it is creating a pressure gradient that causes the piezometric
head to increase and results in pushing groundwater out to the stream. Initially, the
volume of water contributing to the hydrograph is baseflow or groundwater. The
response in groundwater contribution is directly related to the antecedent runoff
condition.
For example, the first storm in the analysis series, occurred on September 5, 2008 with
3.4 inches of rainfall contributing to the watershed, but only 0.15 in of equivalent depth
or 4% contributed to runoff (Table 3-2). There were 9 days prior to the event during high
evapotranspiration. The rainfall had to first saturate the soil profile to field capacity, the
excess rainfall then contributed by pushing groundwater out and finally new water. For
the subsequent storms, rainfall did not have to fill as large of a void as the first storm and
runoff contribution were greater. In Table 3-2, the higher runoff: rainfall ratios occur
during the winter months. During this time of the year, the vegetation is dormant and
evapotranspiration rates are at their lowest, resulting in greater baseflow contributions
and higher flow rates overall. To estimate the response of the watershed to rainfall events
for Upper Debidue Creek and similar watersheds, a seasonal approach may be best.
Figures 3-5 through 3-19 show the hydrograph separation of baseflow and runoff
volumes for the other eleven rainfall events in this analysis. It should be noted that in
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some events the down location discharge data is from a 2ft Parshall flume. It is noted in
the legend as “Down Flume”; otherwise the data source is an ISCO ® 2150
Area/Velocity sensor.
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Figure 3-5. Hydrograph separation of rainfall event September 5, 2008. With peak high
ET rate and nine days prior without rainfall, 3.4 inches of rain increased the soil water
storage and produced a runoff: rainfall ratio of 0.04.
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Figure 3-6. Hydrograph separation of rainfall event on September 16, 2008. With 5 days
without rainfall prior to this rainfall event of 1.8 inches, the runoff: rainfall ratio was
0.10.
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Figure 3-7. Hydrograph separation of rainfall event September 25, 2008. With 9 days
since the last rain fall event (1.8in), the watershed responded rapidly to 1.7 inches of
rainfall and had a runoff: rainfall ratio of 0.20.
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Figure 3-8. Hydrograph separation of rainfall event October 9, 2008. With 15 days
since the last rain fall event, the watershed responded rapidly 3.4 inches of rainfall and
had a runoff: rainfall ratio of 0.23.
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Figure 3-9. Hydrograph separation for rainfall event on October 24, 2008. A major
event with 5.7 inches of rainfall after 6 days of no rainfall, the storm produced a runoff:
rainfall ratio of 0.68.
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Figure 3-10. Hydrograph separation of rainfall event on November 3, 2008. This event
is 9 days after the 5.7 in. rainfall event. This storm had the smallest rainfall amount (0.60
inches) in this analysis that produced a response. The runoff: rainfall ratio was 0.61.
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Figure 3-11. Hydrograph separation of rainfall event on November 12, 2008. There
were 9 days prior to this rainfall event without rainfall. With 0.90 inches of rainfall over
three days, the watershed responded slowly and produced a runoff: rainfall ratio of 0.81.
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Figure 3-12. Hydrograph separation of rainfall event on November 29, 2008. With 17
days prior without rainfall and 0.8 inches of rainfall, the watershed responded with a
runoff: rainfall ratio of 0.45.
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Figure 3-13. Hydrograph separation of rainfall event on December 12, 2008. With 5
days prior and low evapotranspiration rates, the watershed responded with a runoff:
rainfall ratio of 0.12.
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Figure 3-14. Hydrograph separation of rainfall event on March 1, 2008. With 10 days
prior without rainfall and 1.0in of rainfall, the watershed produced a runoff: rainfall ratio
of 0.12.
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Figure 3-15. Hydrograph separation of rainfall event on March 27-April 2, 2009. With 8
days prior to the event without precipitation and 3.5 inches of rainfall, the watershed
responded with a runoff: rainfall ratio of 0.27.
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Figure 3-16. Hydrograph separation of rainfall event on August 28 -31, 2009. With 6
days prior to the event without precipitation and 3.3 inches of rainfall, the watershed
responded with a runoff: rainfall ratio of 0.028.
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Figure 3-17. Hydrograph separation of rainfall event on September 23-29, 2009. With
17 days prior to the event without precipitation and 1.5 inches of rainfall, the watershed
responded with a runoff: rainfall ratio of 0.002.
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Figure 3-18. Hydrograph separation of rainfall event on October 28-31, 2009. With 8
days prior to the event without precipitation and 1.5 inches of rainfall, the watershed
responded with a runoff: rainfall ratio of 0.017.
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Figure 3-19. Hydrograph separation of rainfall event on December 12-31, 2009. With 4
days prior to the event without precipitation and 5.7 inches of rainfall, the watershed
responded with a runoff: rainfall ratio of 0.80. Flow data is from the two ISCO 2150 AV
sensors in the corrugated culvert, due to flume submergence.
Figures 3-16 through 3-19 show the three storms over one inch of rainfall in August to
December 2009. The Parshall flume was able to measure the very low flows that the
ISCO 2150 sensors in the 4’ corrugated metal culverts would not have been able to
capture so accurately. There was no flow prior to each of these events which means there
was no baseflow. The groundwater position was below the streambed elevation and does
not contribute to streamflow. Since there is no flow prior to the rainfall events and
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returns to no flow soon afterwards, the straight-line method is used in the hydrograph
separation analysis. These three storms are good examples of how much the water table
position influences the watershed’s response to rainfall events. Rainfall events of similar
magnitude during 2008 produced more runoff, however, this could be the result of a
higher groundwater position, low ET rates, higher rainfall frequency.
CONCLUSIONS
From this hydrograph baseflow separation analysis, the role of groundwater contribution,
and evapotranspiration has a major influence on the response of the Upper Debidue
Creek watershed. The influence of ground water can be supported by the observance of
the specific conductance in the stream. The relationship of specific conductance to
stream discharge indicates that there are at least two sources of flow contributing to total
discharge. Using the total discharge hydrograph at the outfall, two methods of separating
the hydrograph were employed to further quantify the contribution of storm flow and
ground water to the stream. The straight line method for hydrograph separation was an
attempt to quantify the two contributors to stream flow, the baseflow from groundwater
and storm flow that originates from rainfall input. The straight line method is not
effective at estimating runoff volume for all rainfall events for this lower coastal plain
watershed. This was indicated as most of the events had a runoff: rainfall ratio greater
than 1.0. However, the method did confirm that baseflow or ground water had a greater
role in the discharge volume of a hydrograph.
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The second method, baseflow regression back-calculation method generated more
realistic volume and subsequent rainfall runoff values. The method estimated greater
baseflow contribution as supported by the observed specific conductance in relation to
stream discharge. Given more rainfall events over a greater time frame, it seems
probable that seasonal runoff: rainfall relationships could be derived. There was a slight
trend from just the 14 months of data. The summer months produced nearly no runoff,
while the vegetative dormant months rainfall contributed 50% or more to runoff.
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CHAPTER FOUR
MODIFIED CURVE NUMBER ANALYSIS
ABSTRACT
Toward the goal of quantifying the hydrologic response in a pre-development forested
watershed, hydrological modeling was used to evaluate the ability of the USDA-SCS
Curve Number (CN) method to predict runoff volumes. Streamflow and rainfall
measurements were collected in an approximately 400-acre coastal watershed, Upper
Debidue Creek at Bannockburn Plantation in coastal South Carolina USA for a two-year
period. For storm events greater than 1.0 in., these observed data were used for
comparison with predicted stream flows to define parameters for the SCS Curve Number
(CN) method. Modified CN values and other parameters were simulated using the
hydrologic modeling program HEC-HMS, and predicted flows were compared to
observed flow measurements and hydrographs based on Nash-Sutcliffe efficiency.
Results indicated that the curve number for the watershed can vary depending on the
water table level which is dependent on the evapotranspiration rates and antecedent
rainfall condition. Curve numbers ranged from 76 to 96 during wet conditions, 74 to 81
during average conditions and 33 to 91 for dry conditions. When the water table is above
127in at the watershed divide the CN condition that predicts the watershed hydrograph
response is the wet antecedent moisture condition CN III. Conversely, when the water
table is below 127in at the watershed divide the CN I condition best predicts the
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hydrograph response. More rainfall events with ground water table analysis are needed
to refine the range of CN values for each antecedent runoff conditions.
BACKGROUND
Coastal headwater streams in undeveloped forested landscapes function as a natural
storage and conveyance mechanism for rainfall and groundwater. Stream flows are often
driven by groundwater table depth, while soil saturation with a high water table may
drive rainfall response. Evapotranspiration also plays a significant role in groundwater
levels and influences stream flows both seasonally and diurnally. The dynamics of
coastal forested watersheds are complex, and water budgets of these low gradient
headwater streams are difficult to quantify. The importance of understanding these
hydrologic dynamics is critical to water resources protection and flood prevention in
coastal landscapes, especially as forested areas are being converted to residential and
commercial development. Baseline hydrology must be assessed as a benchmark for
sustainable development goals over the course of land use change, and understanding
short- and long-term responses from the conversion of forest lands to urban areas can
minimize negative effects in terms of water quantity and quality.
Back-Calculation of a Modified Curve Number
Based on the field measurements of flow rates and stream runoff volumes, there are
methods to calculate a SCS curve number that can be applied to this forested coastal plain
shallow watershed. Models, such as HEC-HMS (Hydrologic Modeling System), can be
used to simulate the stream response with the proper parameter inputs. HEC-HMS is
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applicable in a wide range of geographic conditions for simulating precipitation-runoff
processes of a watershed or a system of watersheds. Modeling of a watershed with HECHMS is accomplished by defining certain hydrologic parameters hand criteria within the
framework of the user interface, including precipitation, watershed area, initial
abstraction, initial discharge, lag time and proposed curve number. Making valid
assumptions and input choices is important to the goals of the hydrologic study and
directly based on specific knowledge of the watershed.
The hydrologic response of a watershed following a rainfall event can be simulated to
predict what is actually occurring in the field. SCS Curve Numbers can be derived by
back-calculation based on runoff volume normalized by the watershed area, precipitation,
and initial abstraction. Traditionally, the Curve Number is calculated first based on land
use (i.e., developed, undeveloped, urban, agriculture), land cover (i.e., pavement, crops,
trees, grass) and hydrological soil group classifications, which are based on the soil type
and drainage properties. The CN method has modifiers for determining CN values based
on antecedent runoff conditions in terms of dry (CN I) and wet (CN III) conditions. As
with other hydrologic models, the SCS method was developed for watersheds with
greater topographic relief and where water table position is not a significant influence
(Nejadhashemi et al., 2008). Thus the method does not take into account the water table
position and the influence that it may have on the watershed response.
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The USDA-SCS National Engineering Handbook Section 4 (USDA - SCS, 1985)
provides the standard for estimating direct flow or surface runoff volumes for a
watershed based on precipitation, land use, and soil hydrologic group.
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Where,
Q = Runoff (in)
P = Precipitation (in)
Ia = Initial Abstraction (in)
S = Storage, maximum possible after runoff begins (in),
which is dependent on the CN predicted by the land
use.
CN = (dimensionless) based on Hydrologic Soil Groups and
Land Use (100-0)
The Curve Number method is an empirical approach to estimate the surface runoff from
the relationship between rainfall, land uses, and hydrological soil group (Ponce, 1996)
Curve Numbers typically range from 25 to 98, from highest to lowest infiltration
respectively, depending on the land use, hydrological soil group and antecedent runoff
condition. The CN method was originally developed from many experimental

110

watersheds and an empirical relationship between initial abstraction and soil storage was
developed. The storage or maximum soil-water retention parameter is the combination of
infiltration losses and depressional storage (Nejadhashemi et al., 2008). The National
Engineering Handbook suggests that 20 percent of storage is the initial abstraction. This
relationship was derived from the study of many small watersheds, but the documentation
is unclear about the specific criteria for these watersheds. In a more recent study, Lim et
al, (2006) offer another method of estimating direct runoff flows using a modified curve
number method as based on the previous work of Hawkins et al. (2002), which suggests
that an initial abstraction of 5% of storage was better representative than the initial
abstraction to storage ratio of 20%. The CN values with 5 percent Ia/S will be lower than
CN values with 20 percent Ia/S because the 5 % storage parameter calculated will be
larger. Therefore, the CN values would need to be modified when using a 5 percent Ia/S
value for estimating direct runoff (Hawkins, 1993). With hundreds of rainfall –runoff
datasets from numerous US watersheds, (Hawkins, 1993) Hawkins et al. (2002) used
event analysis and model fitting methods to determine the ratio of Ia to S. It was found
that the ratio of Ia to S varied from storm to storm and watershed to watershed. The
median ratio varied from 0.0005 to 0.4910 with a median value of 0.476. Over 90% of
the Ia/S ratios were less than 0.20 (Woodward et al., 2002), (Lim et al., 2006). The direct
runoff equation then becomes
I
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(4-4a)

(4-4b)

The value of S0.05 is not the same as the S parameter used in estimating direct runoff with
a ratio of 20% for Ia/S, therefore the relationship between S0.05 and S0.20 was obtained
from model fitting results.
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As one of their objectives, Lim et al, (2006) evaluated the use of 5 percent Ia/S value in
estimating direct runoff with the Long-Term Hydrologic Impact Assessment (L-THIA)
geographic information system (GIS) This model was created in response to the need of
an easy to use hydrology model and integrated to used with ArcView GIS system (ESRI,
2002). Others used the L-THIA model with Curve Numbers based on 20% Ia/S values
and found that the model under-predicted direct runoff when compared to observed direct
runoff values from hydrograph separation. This work suggests that 20% storage as initial
abstraction may not be an appropriate value. Their finding was that the L-THIA model
using the 5% Ia/S value with modified CN values improved long term direct runoff
estimation.
In the CN formulas, there is no accounting of evapotranspiration. Kannan et al., (2008)
modified the storage parameter to reflect the loss to ET in calculating CN values at each
time step using Equation 4-3. The storage parameter used the sum of the soil storage at
the previous time step or initially the CN I condition is used to calculate the first soil
storage. The model calibration involved adjusting the moisture depletion coefficient until
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the surface runoff closely matched the observed data. A 31-year simulation was
performed to compare the performance of the new curve number model with the old
model.
ef  ef  LMNf exp P

ojy
jklm

S$LI

(4-7)

Where, in units of length,
St = Initially based on existing value of CN II
St-1 = Soil storage parameter at previous time step
PETt = Potential evapotranspiration at present time
Smax = Maximum soil retention parameter, obtain by
substituting CNI in to Equation 4-7.
B = Moisture depletion coefficient, unitless
P = Precipitation
Q = Runoff
Kannan et al., (2008) used the Penman-Monteith and Hargreaves methods of estimating
PET in combination with the new method of calculating CN and the traditional method.
With the four combinations of CN and PET methods, four hydrologic units were chosen
in major river basins, based on their watershed characteristics. The four hydrologic unit
codes (HUCs) had varying precipitation amounts, storage capacity and soil depths to
evaluate the four models ability to adapt to different hydrologic conditions. Results
found that the new Curve Number method had the best results for three of the four HUCs.
The old method overestimated the surface runoff and water yield, while the new method
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was able to take into account the losses due to ET and matched the observed data closely
(Kannan et al., 2008). For the HUC that the new method was used, the model did not
predict very well only had 20% shallow soils and low annual precipitation which could
have hindered the estimation of depletion coefficient. This method is best with a large
data set to allow for calibration.
Watershed Area
Low gradient coastal headwater streams are typically characterized by wide floodplains
and significant surface water / groundwater interactions. Hydromodifications such as tile
drainage and ditching are common practices in undeveloped coastal forested areas.
Given these complex factors, it is often difficult to clearly define the watershed area of
these coastal headwater streams, This is the case with the Upper Debidue Creek
watershed delineation,, as there is a network of ditches that may contribute to stream
flow, thus resulting in a variable watershed area based on both surface and groundwater
inputs. It is hypothesized that the contributing area of the watershed depends on the
magnitude of the rainfall event and groundwater table position. An approach to
determining the new water contribution area (NWCA) (Eshleman et al., 1994) to support
saturated overland flow was used, where (1) the new water volume was calculated by
integrating the new water hydrograph and then (2) the new water volume was divided by
the rainfall depth of the rainfall event. This value gives an estimate of the area in the
watershed that contributed new water to streamflow. This is assuming that the area
contributed all the rainfall during the event and the other area didn’t contribute any new
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water. It also assumes that this area is static for each rain event, meaning the contribution
area is not variable.(Eshleman et al., 1994). In trying to establish a watershed area that
fluctuates with groundwater table position, researchers have explored the streamflow
generation processes involved with varying contribution areas. Eshleman et al., (1994)
focused on quantifying the contribution of groundwater to streamflow during and after
rainfall events as well as in between storm events. In their study, the focal Reedy Creek
watershed is in the Atlantic coastal plain and has a shallow ground water table which is
comparable to the Upper Debidue Creek watershed. The authors hypothesized that
baseflow is sustained by shallow groundwater discharge; saturated overland flow and
direct precipitation is the dominant source of stormflow; the discharge of shallow
groundwater occurs primarily within regions of the watershed where surficial saturation
is evident. These surface saturation areas are in locations of riparian wetlands, where
ground water discharges from thin surficial aquifers between rainfall events. The riparian
wetlands act as an immediate source of baseflow and stormflow. Eshelman et al, (1994)
found that the stormflow response of the Reedy Creek watershed was strongly dependent
on the hydrological conditions of the shallow groundwater, specifically in the riparian
wetlands. Significant stormflow responses only occurred when the surface was saturated,
supporting their hypothesis of saturation overland flow as the dominant streamflow
generating process. The discharge of “old” groundwater appeared to be the result of
groundwater being displaced as the water table rises from direct infiltration and/or
recharge of saturated zones by groundwater flow from upland areas.
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Watershed Description
The Upper Debidue Creek watershed (33.38°N, 79.17°W) on a property known as
Bannockburn Plantation is located near Georgetown, South Carolina. The 400-acre area
has a diverse landscape ranging from an upland area of loblolly pine stand to a low land
mixed hardwoods. The area is considered a forested wetland as it has loblolly pines and
mixed hardwoods and intermittent stream that flow during periods of low
evapotranspiration (ET) and adequate amounts of rainfall. The watershed has a very
small topographic relief, causing depressional storage. The soils with in the Upper
Debidue Creek watershed are predominately Leon (poorly drained), Lynn Haven (very
poorly drained) and Centenary (moderately well drained). These soil types are indicative
of a shallow water table and have relatively high permeability. As aforementioned the
intermittent stream flows during periods of low ET and the dormant season for forest
vegetation. High evapotranspiration occurs during the spring months at leaf out through
early fall months, while late fall months into winter months return to the dormancy period
with low ET. The summer to late fall months often have high frequency and intensity rain
events in the area. During the summer months, high evapotranspiration rates deplete soil
water content and plant available water, resulting in the decline in stream stage and
baseflow decreases. During these periods of high ET, there is also less of a response in
streamflow following a rain event in comparison to the stream response to a rainfall event
of similar magnitude during the dormant season. Baseflow increases as the dormant
season begins and as evapotranspiration decreases, the water table rises, and results in
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increased stream levels in response to rain events. These interpretations warrant further
investigation from both an observational and predictive standpoint.
Upper Debidue Creek watershed is a first-order watershed, whose headwater originates in
the upland forested area and flows through the undeveloped site and then into a highly
developed area with golf course ponds before meeting the estuarine waters of Debidue
Creek and ultimately North Inlet. Points along the stream are monitored for water
quantity and quality as water flows through the forested area and into the highly
developed area. All data presented in this chapter will have been collected from the
undeveloped monitoring locations; one at the lowest point before flowing onto the
developed area of the watershed and the second station being further upstream into the
undeveloped part of the watershed.. In Figure 4-42-1 the monitoring station are denoted
by pentagons within the delineated watershed area.
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Figure 4-4. Topographic map of the Upper Debidue Creek Watershed with sensor
locations shown. The blue pentagons show the monitoring stations in the stream. The
red outline marks the boundary of the watershed. The purple line near the lower
monitoring station marks the boundary of the watershed that contributes to the stream at
that monitoring location.
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OBJECTIVES
For the low gradient headwater stream known as Upper Debidue Creek in coastal South
Carolina, the objectives of this study are to:
1. Explore a method for developing modified curve numbers by using a backcalculation process of the SCS Curve Number method.
2. Evaluate the effects of altering the initial abstraction value on modeling storm
hydrographs
3. Evaluate HEC-HMS modeling ability to predict peak flows and direct runoff
volume.
4. Determine if there is a correlation between Antecedent Runoff Condition in days
and Curve Number values.

METHODS
There were several steps taken to calculate modified curve numbers, altering initial
abstraction values, evaluate the ability of the hydrologic model to predict hydrograph
characteristics compared to observed measurements, and to determine a correlation
between CN values and antecedent runoff condition;. The methods for each process are
given in the following sections.
Instrumentation
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Precipitation data is being collected with an Onset ® Hobo ™ event-based tipping bucket
rain gage at an open canopy location within the Upper Debidue Creek watershed. To
quantify flow volumes discharging from the watershed, an ISCO® 2150 Area Velocity
flow module placed in the stream where circular corrugated metal pipe culverts convey
the flow of Debidue Creek. An ISCO® 2150 Area Velocity module is deployed in
circular road culverts and recording stage height and velocity data in 15 minute intervals.
The culvert sensors located at the outlet of the watershed are approximately 3.45 ft
(1.05m) AMSL in the right culvert and 3.15ft (1.0m) AMSL in the left culvert. The
water level and velocity data are used to determine the flow volume through the culvert.
These data can be checked and supported by the flow data recorded from two two-foot
modified Parshall flumes located immediately downstream from each Bannockburn
Plantation sampling location. Each flume was instrumented with two pressure
transducers; one in the approach and another in the throat to measure water level. The
pressure transducers are rated for 1 psi, which means that it can read up to 2.31 feet in
depth and very sensitive to changes in water level in the approach. The data is logged by
a Hobo ® Energy Logger with a reading every 5 minutes. The elevation of the flume at
the outlet of the watershed is 7.31 ft (2.23m) AMSL. Water level measurements in the
flume provide the free flow rate using Equation 4-8:

I  JK ;

(4-8)

Where,
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Q = The flume discharge during free flow (cfs)
K = A constant dependant on the throat width and units
H = Head measured at the throat (ft)
n = Constant power dependent on throat width.

For a Parshall flume with a throat width of 2 feet, the K constant is 8.0 using units of feet
and the constant power, n, is 1.55. Flow through the flume is considered free flow when
there is insufficient backwater depth to reduce the discharge rate. When there is
sufficient backwater depth, the discharge is reduced and this condition is called
submerged flow. For a 2-foot Parshall flume submergence occurs when ratio of the depth
at the throat to the depth at the approach is greater than 70%. The flume data is helpful to
estimate low flow conditions in the culverts. Flow data presented will originate from
either the two ISCO 2150 AV sensors in the circular road culverts or the modified
Parshall flume located immediately downstream from the culverts.
Piezometers were placed in the watershed at the watershed divide and in the stream bed
(Figure 4-1). The data was collected with a Hobo® Energy Logger and converted to a
depth and corrected for elevation to report ground water level in the soil at those
particular locations. One multi-level piezometer is located near the watershed divide
1027 ft (313m) away from the watershed outlet at 14.5 ft (4.43m) AMSL with sensors at
5, 10 and15 ft below ground surface (bgs). The second multi-level piezometer is located
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in the stream bed with sensors at 4 and 8 ft bgs and 995 ft (303m) away from P1 at the
watershed divide. Data shown in the results section are from the watershed divide.
Estimating Watershed Area
Defining an area for the Upper Debidue Creek watershed proved to be a complex task
with a network of ditches that conveyed water from an extended watershed depending on
the magnitude of the rainfall event and the water table position. The topographical
elevation method of delineating the watershed was completed first. However, with the
variable contribution areas from the ditching network, any depressional surface storage,
and potential subsurface complexity at the watershed divide, the initial watershed
delineation was considered to be undersized for certain runoff conditions ( i.e. high water
table, high intensity and magnitude rainfall events) and to be an estimation of the
minimum drainage area at best. Next, the watershed area was estimated based on the
method presented by Eshleman (1994) for new water contribution area (NWCA). This
method takes the runoff volume and divides by the rainfall resulting in an area, which
gives an estimate of the area in the watershed that converted rainfall to runoff. This is
assuming that this area contributed all the rainfall during the event and the other area did
not contribute any runoff. For example, if the maximum possible watershed area was
3000 acres and the NWCA for a rainfall event was 500 acres, all the rainfall on the 500
acres converted to new water runoff and the ‘other area’ is the remaining 2500 acres that
did not contribute any new water runoff to the watershed. “New water” is defined as the
rainfall that made it to the stream and discharged from the watershed at the measured
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point. It also assumes that the NWCA is static for each rain event, (Eshleman et al.,
1994). However instead of calculating the contributing area for new water, the total
volume was divided by the rainfall for the event to get the whole contributing area. The
storm events selected for this analysis required a minimum of 1 inch of rainfall and a
minimum peak flow of 5cfs. Rainfall events that did not meet these criteria were not
included in the analysis. From a water management perspective, the small storms are not
as important when determining what management strategies are needed to handle the
larger storms effectively. The average contribution area was used to normalize the total
and runoff volumes to a depth. With the addition of new rainfall events to the analysis
the average watershed area is likely to change. This analysis supports our justification of
the watershed area used for streamflow prediction. Table 4-1 shows the rainfall events
and the estimated contribution areas. The static watershed area used in all subsequent
analyses is 400 acres.
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Table 4-1. Rainfall events with their rainfall depth, ARC, peak flows, total and runoff
volumes normalized by the static 400-acre area, and the contribution area in acres.
Days Prior
Without

Rainfall

Peak

Total

Runoff

Contribution

Rainfall

Amount

Flow

Volume

Volume

Area

Storm Date

(ARC)

(in)

(cfs)

(in)

(in)

(acres)

9/5/2008

9

3.4

9.1

0.9

0.15

111.2

9/11/2008

5

1.0

6.7

1.0

0.12

424.2

9/16/2008

5

1.8

8.5

1.9

0.18

403.6

9/25/2008

9

1.7

7.1

1.8

0.47

435.2

10/9/2008

15

3.4

9.6

3.5

0.79

417.4

10/24/2008

6

5.7

99.4

7.5

3.89

527.9

12/9/2008

5

1.1

5.0

1.7

0.12

622.7

3/1/2009

10

1.0

4.2

0.9

0.12

358.4

4/2/2009

8

3.5

12.3

7.2

0.93

830.4

12/18/2009

3

5.7

50.7

4.8

4.58

335.7

Back-Calculation of SCS Curve Numbers
There were 12 rainfall events in this study that had rainfall amounts greater than 1 inch
and produced measurable flow. To calculate curve numbers, initially two parameters
must be known: runoff volume and rainfall amount. Runoff volumes were determined
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from hydrograph separation based on baseflow regression (See Chapter 3). The actual
area of the watershed is uncertain as the drainage ditch network varies the contribution of
runoff volume with water table level. The runoff volumes were divided by a constant area
of 400 acres (161.9 ha) and converted to equivalent depth.
For each rainfall event in this study, the resulting hydrograph was separated based on a
baseflow regression. The baseflow volume was subtracted from the total hydrograph
volume giving a runoff volume. All volumes were normalized using the hypothesized
watershed area to obtain an equivalent depth. Using Eshleman’s method (1994) for
calculating the new water contribution area (NWCA), the average area for the rainfall
events in this analysis was close to 400 acres. This 400 acre (0.625 mi2) area was used in
all simulations as a constant in order to evaluate the performance of the derived curve
numbers. The analyses and simulations performed in this chapter are used to explore
flow prediction and hydrograph generation within a presumably variable watershed area.
Typically, CN values are calculated based on land cover, land use, and hydrologic soil
groups in order to predict runoff volumes. Then the CN value is used to calculate the
storage parameter in Equation 4-9. The initial abstract is typically assumed to be 20% of
the storage parameter, and ultimately the initial abstraction and storage parameter are
substituted into Equation 4-11 to predict flow volume. However, with the shallow water
table, direct determination of a CN for the watershed is assumed to not be applicable.
Hawkins (1973) solved for the storage parameter in Equation 4-11 using precipitation and
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runoff volume in a quadratic formula in Equation 4-12. Then CN was solved for using
Equation 4-9.
e
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Where,
Q = Runoff (in)
P = Precipitation (in)
Ia = Initial Abstraction(in)
S = Storage, maximum possible after runoff begins (in), which
is dependent on the CN predicted by the land use.
CN = (dimensionless) based on Hydrologic Soil Groups and Land
Use (0-100)

Along with calculating CN value for a 20% initial abstraction, another approach was
taken based on the study by Lim et al., (2006), which suggested calculating CN values
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based on 5% initial abstraction. Lim et al. gives relationships between the 20% and 5%
storage parameters and CN values in Equations 4-13 and 4-14. The results of the backcalculation of CN values based on the two initial abstraction values are shown in Table 42.
eQ.QZ  1.33eQ./Q.Z
Q.QZ 

QQ
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(4-14)

Table 4-3. Curve number values based on rainfall and runoff volume inputs and initial
abstraction - storage ratio for each event in this analysis. CN X is the calculated curve
number value prior to being categorized based on antecedent runoff conditions.
Rainfall

CN

Runoff

Event

S 0.2

Ia 0.2

S 0.05

Ia 0.05

CN X

(in)

(in)

9/5/2008

3.4

0.15

10.41

2.08

49.0

19.68

0.98

33.7

9/11/2008

1.0

0.12

2.08

0.42

82.8

3.09

0.15

76.4

9/16/2008

1.8

0.18

4.32

0.86

69.8

7.15

0.36

58.3

9/25/2008

1.7

0.47

2.11

0.42

82.6

3.14

0.16

76.1

10/9/2008

3.4

0.79

4.82

0.96

67.5

8.12

0.41

55.2

10/24/2008

5.7

3.89

1.94

0.39

83.7

2.85

0.14

77.8

11/3/2008

0.55

0.34

0.24

0.05

97.7

0.26

0.01

97.5

11/12/2008

0.9

0.69

0.16

0.03

98.4

0.17

0.01

98.4

11/29/2008

1.2

0.34

1.58

0.32

86.3

2.26

0.11

81.6

12/9/2008

1.1

0.12

2.32

0.46

81.2

3.50

0.17

74.1

3/1/2009

1.0

0.12

2.24

0.45

81.7

3.36

0.17

74.8

4/2/2009

3.5

0.93

4.56

0.91

68.7

7.62

0.38

56.7

8/28/2009

3.3

0.041

12.63

2.53

44.2

24.58

1.23

28.9

9/23/2009

1.5

0.004

6.91

1.38

59.1

12.29

0.61

44.9

10/28/2009

1.5

0.026

5.32

1.06

65.3

9.10

0.45

52.4

12/18/2009

5.7

4.6

1.10

0.22

90.1

1.49

0.07

87.0

X
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In Table 4-2, the CN X value is the curve number back calculated from the precipitation
and runoff volume data from each rainfall event. These curve numbers were assigned to
an antecedent moisture condition based on the amount of rainfall in the 5 days prior to the
rainfall event given by Boughton (1989) in Table 4-3. The amount of rainfall differed
between growing season and dormant season. The US Army Corps of Engineers defines
the growing season as the period between frosts. In the southern United States, the
growing season is defined as the days when the air temperatures is 32°F or higher in 5
years or more out of 10. Based on these criteria, the US Army Corps of Engineers
defines the growing season for Charleston, SC which is near the Upper Debidue Creek
watershed as March 16 through November 18th. Once CN X was assigned to CN I,CN II,
or CN III condition, then the other two CN values were calculated based on Equations 515 and 5-16 provided by Chow et al., (1988). The CN values for ARC conditions I, II,
and III are shown in Table 4-4 for both 20% and 5% initial abstractions. These curve
number values for each rainfall event were used in the HEC-HMS simulation trials.
There are a host of other conversion formulas from CNII to CNI or CNIII (Mishra et al.,
2008), but the equations provided Chow et al. (1988) were the most familiar.
 U 
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Equation 5-15 and 5-16 was solved for CN II to calculate CN values from CN I and CN
III in Equations 5-17a and 5-17b.
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(4-17a)
(4-17b)

Table 4-3. Criteria for Curve number assignment based on rainfall amounts 5 days prior
to rainfall event in analysis given in the National Engineering Handbook (USDA SCS
1972), (Boughton, 1989)
Curve

5 Day Antecedent Rainfall (in)

Number
Used

Dormant Season

Growing Season

CN I

<0.5

<1.4

CN II

0.5-1.1

1.4-2.1

CN III

>1.1

>2.1
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Table 4-4. CN values based on antecedent rainfall in the days prior to the analyzed
rainfall event for the back calculated CN values for each initial abstraction condition.

Antecedent Previous
Rainfall

Rainfall

CN

CN

CN

Amount

II

X

III

CN

I

II

(0.05)

(0.05)

CN

CN I
Condition

CN

CN III

X

(0.05)

Event

[days]

[in]

9/5/08

9

0.6

49.0

49.0

69.6 84.0 33.7

33.7 54.7 73.6

9/11/08

5

3.4

82.8

66.1

82.8 91.4 76.4

57.6 76.4 88.2

9/16/08

5

1.0

69.8

49.3

69.8 84.2 58.3

37.0 58.3 76.3

9/25/08

9

1.9

82.6

82.6

91.9 96.3 76.1

76.1 88.3 94.6

10/9/08

15

1.7

67.5

67.5

83.2 91.9 55.2

55.2 74.6 87.1

10/24/08

6

0.3

83.7

83.7

92.4 96.6 77.8

77.8 89.3 95.0

12/9/08

5

1.1

81.2

64.5

81.2 90.9 74.1

54.6 74.1 86.8

3/1/09

10

0.6

81.7

81.7

91.4 96.1 74.8

74.8 87.6 94.2

4/2/09

8

0.7

68.7

68.7

83.9 92.3 56.7

56.7 75.7 87.8

8/28/09

6

0.4

44.2

44.2

65.3 81.3 28.9

28.9 49.2 69.0

9/23/09

17

0.1

59.1

59.1

77.5 88.8 44.9

44.9 66.0 81.7

10/28/09

8

0.2

65.3

65.3

81.8 91.2 52.4

52.4 72.4 85.8

12/18/09

3

0.10

90.1

90.1

95.6 98.0 87

87
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94.1 97.3

Modeling with HEC-HMS
HEC-HMS (Hydrologic Modeling System) was developed by the US Army Corps of
Engineers (USACE) in support of water resource management. It is applicable in a wide
range of geographic conditions for simulating precipitation-runoff processes of a
watershed or a system of watersheds (Scharffenberg, 2001). The model allows for 10
different types of loss methods to simulate watershed conveyance. All simulations in this
study are based on the SCS Curve Number method. Modeling of a watershed with HECHMS is accomplished by defining certain hydrologic parameters and criteria within the
framework of the user interface, including precipitation, watershed area, initial
abstraction, initial discharge, lag time and proposed curve number. Making the correct
assumptions and input choices is critical for successful prediction of the stream
hydrograph and depends on the goals of the hydrologic study and knowledge of the
watershed. In order to perform flow predictions for the Upper Debidue Creek watershed
with HEC HMS, several parameters must be either empirically determined or a logical
assumption was made. The following section describes how the model was set up.
The first step in setting up a flow prediction simulation in HEC-HMS is creating the
basin model. On the tool bar is a drop-down menu called Components. Select “Basin
Model Manager” and add a new basin. The basin model is where elements of a
watershed are added and connected to each other to simulate an actual watershed. For the
Upper Debidue Creek watershed the only element added was a Sub-Basin. A sub-basin
is added by selecting the sub-basin creation tool on the tool bar and clicking within the
window of Basin model. Since the Upper Debidue Creek watershed is only a first order

132

watershed, there was no need for a reach, reservoir, junction, source, sink or diversion
element. The sub-basin element represents infiltration, surface runoff and subsurface
processes interacting. Other sources or sink losses are considered negligible for the scope
of this model.
Selecting the sub-basin tab (See Figure 4-2) a list of properties appears in the bottom left
corner of the program screen.

Figure 4-2. Sub-basin input screen for selecting loss, transform, and baseflow methods.
For the Upper Debidue Creek watershed, an area of 0.625 mi2 was entered for a particular
simulation run. The loss method was specified as the SCS curve number. The transform
method handles how the surface runoff is calculated within the sub-basin. There are 7
transform methods in the program, however only the SCS Unit Hydrograph was used in
this study. There are four possible baseflow calculation methods available, but for this
study the recession method was chosen to calculate the baseflow contribution to the
hydrograph.
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Selecting the next tab, “Loss”, (Figure 4-3) the initial abstraction and curve number are
specified. The initial abstraction and CN values used are shown in Table 4-2. The
“Impervious %“was left as the default 0.0 as it was assumed that all the area in the
watershed was pervious since there was no development.

Figure 4-3. The “Loss” tab where initial abstraction and curve number were entered.
Then, selecting the “Transform” tab (Figure 4-4), there are two types of graphs to choose
from. The standard hydrograph was originally developed for small, agricultural
watershed is generally used for all of the United States. The second graph method is the
Delmarva hydrograph which was developed for the coastal plain of Delaware, Maryland,
and Virginia. The Delmarva hydrograph was selected for all simulations; as this
watershed is located in the lower coastal plain and the resulting hydrographs from initial
simulations were similar in shape to hydrographs from observed field measurements.
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Figure 4-4. “Transform” tab where the type of graph and lag time is specified.
The lag time is defined as the time between the peak flow rate and the centroid of the
precipitation mass. The centroid of precipitation mass is defined as the time when half of
the rainfall has fallen (Scharffenberg, 2001) This definition was used in the simulations.
A second definition of lag time is that it equals 60% of the time of concentration. The
time of concentration is defined as the time it takes for the outermost flow to exit the
watershed.

Figure 4-5. Specifications for modeling “Baseflow” contribution to the hydrograph.
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The next tab over is the “Baseflow” tab where inputs are provided to model the baseflow
of the hydrograph. The initial type is describing the discharge; there are two options:
discharge and discharge per area. Since the discharge is measured in one location
constantly and the hydrograph comparison is based on the discharge of that monitoring
station, “Discharge” was selected. The initial discharge varied from hydrograph to
hydrograph; however the rate was chosen at a point before the rainfall influenced the
hydrograph. The “Recession Constant” is the daily rate of decline in stream discharge.
Once the hydrograph peaks, the recession begins and a constant can be determined A
ratio calculation was performed on the daily or 24 hour interval with the present time step
divided by previous flow value.
~:  If /If

(4-18)

An average of the recession ratios was taken to determine a recession constant, k. The
range of ratios for the recession was chosen from the tail end of the hydrograph and back
up to where the hydrograph begins to level out and the ratio values were steadier. There
is some variability in the recession constant depending on the range of recession ratios, ki
selected. The “Threshold Type” menu gives two options: “Ratio to Peak “or “Threshold
Rate”. The threshold rate is a constant discharge that is reset when the receding limb of
the hydrograph falls to the specified threshold value, regardless of the peak flow rate of
the hydrograph. The “Ratio to Peak” option chosen for all simulations in this study is
defined as the rate at which the baseflow will reset when the receding limb has fallen to a
certain percentage of the peak flow. For further explanation, the ratio for all simulations
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was held constant at 0.35, which allows for the baseflow to reset when the receding limb
of the hydrograph fell below 35% of the peak flow. This variable was held constant in
order to evaluate the effects of other parameters such as curve number, lag time and
initial abstraction. At this point, basin model setup has been completed.
In order to simulate a rainfall event the meteorological model has to be configured much
like the basin model. Under the “Components” menu on the toolbar select
“Meteorological Model Manager” and add a new one. Selecting the meteorological
model tab, there are options to specify the methods for precipitation, evapotranspiration,
snow melt and the units of measurement. There are 7 different methods for precipitation
to choose from in the drop down menu. For all of the simulations in this study, the
“Specified Hyetograph” option was chosen, which allows the user to enter rainfall data
manually. The “Evapotranspiration” method menu gives three options: Priestly-Taylor,
Monthly Average, and Gridded Priestly-Taylor. As shown in Figure 4-6, monthly
averages of PET were used in the model. The monthly PET values were based on the
Turc method for calculating PET based on radiation, relative humidity and temperature
provided by a local meteorological station (see Chapter 2).
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Figure 4-6. Meteorological model for a basin specifying the precipitation and
evapotranspiration methods.
Selecting the next tab beside ‘Meteorology Model’ is ‘Basins’. Here is where the user
specifies which basin is to be used in the model by selecting which sub-basins are to be
included in the meteorological model. This model was set up with each hydrograph as its
own separate basin model because the curve number and initial abstraction changed from
event to event. Therefore there is a meteorological model that corresponds to each basin
model. As can be seen in Figure 4-7 there is only one sub-basin model selected for the
meteorological model.
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Figure 4-7. Specifying which basin to include in the meteorological model. Here, for
example, the basin named “9-5-08” was selected for this meteorological model.
Once the sub-basin has been selected, the evapotranspiration data can be added. By
selecting the meteorological model, the specified hydrograph and the sub-basin model
should appear. Selecting the sub-basin model within the meteorological model opens the
table for the monthly average PET data (Figure 4-8). The values in the table are based on
the Turc method (See Chapter 2- Water Budget) and the coefficient is the pan coefficient.
The pan coefficient in this model is based on Pearson correlation coefficients between
PET and AET estimates (Lu et al., 2005). The model uses the coefficient to adjust the
monthly PET rate to reflect actual plant use.
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Figure 4-8. Monthly average PET and pan coefficient relation PET and AET.
Clicking back on the specified hyetograph, there is not a precipitation gage selected. The
next step is to add a” Time-Series Data” component. Select “Time-Series Data Manager”
from the “Components” menu and add and name a precipitation gage. For organizational
purposes the precipitation gage was named the same as the basin and meteorological
model in this study.

Figure 4-9. “Specified Hyetograph” of a meteorological model without a gage specified.
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After creating the precipitation gage, the data source, time step and units need to be
specified. In the model, the “Data entry” is manual, the “Units” are incremental inches
and the “Time Step” is 1 hour (Figure 4-10) Specifying a 1-hour time step dictates the
number of cells when entering the rainfall data for a specified time period. The rainfall
data for each of these hydrographs comes from a tipping bucket rain gage on the
watershed. Each tip records 0.01 inch of rainfall. The rainfall data was summed for each
hour to obtain the hourly rainfall rate, which is entered to develop the hyetograph for a
particular hydrograph simulation.

Figure 4-10. “Time-Series Data” window showing the inputs necessary for the
precipitation gage.
Selecting the icon below the precipitation gage displays 3 new tabs. The time window is
where the start and stop date and times are entered. The start time defines simulation
start time which should allow for a short time interval before rainfall begins, while the
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end time should be at the end of the simulated flow hydrograph and not the end of the last
hour of rainfall.

Figure 4-11. “Time Window” where the rainfall start and stop date and time are entered
and table where hourly data is entered.
After entering the start and stop times of the simulation, select the “Table” tab. Each cell
must have a value in it or the program will not run. The easiest way to ensure each cell
has a number entered is to enter a zero in the first cell. Then highlight the entire column
and right-click and select the option of filling with first value. This will put a zero in
every cell. This is very helpful when there are only 10 or so cells with values greater
than zero and the rest continue for 400 more cells. Then enter the rainfall data in the
corresponding time stamp space. Once this has been completed the specified hyetograph
can be seen in Figure4-12. The hyetograph shows the input of precipitation at the
beginning of the simulation, but nothing afterwards for 4 days, which is the extent of the
simulation.
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Figure 4-12. Specified hyetograph for a rainfall event with hourly rainfall intervals.
Going back to the meteorological model for the specific simulation, the precipitation
gage for the sub-basin needs to be selected. When setting up a new model, as shown in
Figure 4-9 there will not be a sub-basin or precipitation gage specified. Now that a subbasin has been selected and a precipitation gage has been set up, the connection needs to
be made between the Time-Series Manager and the Meteorological Model – otherwise
the model will not recognize the precipitation gage as the input for the simulation in the
basin model. By selecting the meteorological model, one can then select the precipitation
gage that corresponds to that sub-basin.
The next step is to define how long to run the simulation. Under the “Components” tab
on the toolbar, select control specifications manager. The control specifications manager
is where the simulation time is controlled. As mentioned before, the simulation time
should match the time period of the specified hyetograph. A computation step time of 1
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hour was chosen. The smaller the time step the more refined the hydrograph from the
simulation.

Figure 4-13. The “Control Specification” element is where the simulation start and stop
time are entered as well as the computation step.
One last step before the simulations can begin. On the toolbar select ‘Compute’ and then
‘Create Simulation Run’. In the window name the “Run”, then select the correct “Basin”
and the corresponding “Meteorological Model”, and “Control Specification” and then
select finish. A “Basin”, “Meteorological Model”, “Precipitation Gage”, simulation
“Control” and “Simulation Run” were created for each rainfall event in this model.
There are 8 different hydrograph simulations with their own curve number, initial
abstraction, and lag time. In Table 4-5 there are 6 CN values (three for each initial
abstraction to storage ratio) that were used in the simulations for their respective rainfall
event.
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Hydrologic Model Assessment
Once the simulations are conducted for each rainfall event, the performance of the
hydrologic model was assessed against the observed hydrographs to determine whether
there are any trends in CN values, perhaps seasonally or conditionally with antecedent
runoff conditions. The Nash-Sutcliffe efficiency, E was calculated for each of the six
simulations (2 initial abstraction values x 3 CNs) for all the rainfall events in the analysis.
Nash Sutcliffe efficiencies provide a quantitative estimate of HEC-HMS model ability to
reproduce the rainfall events with the given inputs based on the actual data. Another way
of looking at the efficiency is estimation of how well the curve number assigned to the
watershed performed in the model (Krause et al., 2005). The three curve numbers for
each initial abstraction can be compared to each other to determine which ARC condition
was the best fit to the observed data. The efficiency, ENS (Equation 4-18) was proposed
by Nash and Sutcliffe takes the sum of the squared differences between the observed and
predicted at each time step and divides by the variance of the observed data and subtracts
from one. The range of ENS can be from 1 (perfect fit) to -∞. When the ENS value is less
than 0, it indicates that the average observed values is a better predictor than the model
data.
Mj  1 $

∑àb_` D` 
∑à _` _c 
b
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(4-18)

RESULTS AND DISCUSSION
The back calculation of curve numbers based on rainfall and runoff volume yielding
values shown in Table 4-2. The CN values shown for each rainfall event has yet to be
classified based upon antecedent rainfall amount in the past 5 days (Table 4-3). There
were six simulations for each rainfall event in this study. For each initial abstraction
(20% Ia and 5% Ia), three curve numbers were calculated, CN I, CN II, and CN III.
These simulations were computed with a watershed area of 0.625 mi2, which extended
beyond the upper monitoring station to include the area that was hypothesized to
contribute to runoff (See Figure 4-1). The input data for each simulation of the 13
rainfall events are presented in Table 4-5. The rainfall data was input as a time-series
data set. The recession constants, lag times, and initial flow rates were held constant
throughout the 6 simulations. The initial abstraction changed for the two sets of curve
numbers based on Ia = 20%S or Ia = 5%S. The results of the 6 simulations of each
rainfall event are presented with observed data in Figures 4-14 through 4-26. The
simulation results were evaluated with the Nash-Sutcliffe efficiency, which evaluate the
performance of the hydrologic model to the observed hydrograph. The results of the
Nash-Sutcliffe efficiency analysis are shown in Table 4-7.
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Table 4-5. Input data for HEC HMS simulations for each rainfall event in the analysis
series. Rainfall, recession constant , initial discharge and lag time were was held constant
for each event simulation while initial abstraction to storage ratios of 20% and 5%, with
corresponding CNs for the three antecedent runoff conditions.
CN
II

CN
III

Recession
Const. k

Initial
Flow
[cfs]

Lag
Time
[min]

73.6

0.85

2.9

270

58.5

76.4

0.86

2.4

585

37.0

58.3

76.3

0.9

2

465

0.16

76.1

88.3

94.6

0.89

1.4

500

91.9

0.41

55.2

74.6

87.1

0.83

4.6

1005

92.4

96.6

0.14

77.8

89.3

95.0

0.83

1.4

240

64.5

81.2

90.9

0.17

54.6

74.1

86.8

0.92

1.78

210

0.45

81.7

91.4

96.1

0.17

74.8

87.6

94.2

0.84

1.75

195

3.5

0.91

68.7

83.9

92.3

0.38

56.7

75.7

87.8

0.9

0.17

915

8/28/09

3.3

2.53

44.2

65.3

81.3

1.23

28.9

49.2

69.0

0.89

1.9

120

9/23/09

1.5

1.38

59.1

77.5

88.8

0.61

44.9

66.0

81.7

0.9

0

60

10/28/09

1.5

1.06

65.3

81.8

91.2

0.45

52.4

72.4

85.8

0.9

0

720

12/18/09

5.7

0.22

90.1

95.6

98.0

0.07

87

94.1

97.3

0.98

0

720

Rainfall
[in]

Ia 0.2

(0.05)

(0.05)

9/5/08

3.4

2.08

49.0

69.6

84.0

0.98

33.7

54.7

9/11/08

1.0

0.42

46.8

67.7

82.8

0.15

37.2

9/16/08

1.8

0.86

49.3

69.8

84.2

0.36

9/25/08

1.7

0.42

82.6

91.9

96.3

10/9/08

3.4

0.96

67.5

83.2

10/24/08

5.7

0.39

83.7

12/9/08

1.1

0.46

3/1/09

1.0

4/2/09

Event

CN I

CN II

CN III

Ia 0.05

CN I
(0.05)

The following twelve figures show the HEC-HMS simulation results from the inputs
discussed in Table 4-5 for each rainfall event.
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CN I 49
CN II (0.05) 54.7

CN II 69.6
CN III (0.05) 73.6

CN III 84
Observed

CN I (0.05) 33.7

35
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9/6

9/7

9/8

9/9

9/10

Figure 4-14 Hydrograph simulations from 9-5-08 rainfall event (3.4 in) with CN values
resulting from 20% and 5% initial abstraction ratios and standard lag time.
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CN I 66.1
CN II (0.05) 76.4

CN II 82.3
CN III (0.05) 88.1

CN III 91.4
Observed

CN I (0.05) 57.6
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Figure 4-15. Hydrograph simulations from 9-11-08 (1.0 in) rainfall event with CN values
resulting from 20% and 5% initial abstraction ratios and standard lag time.
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CN I 49.3

CN II 69.8

CN III 84.2

CN II (0.05) 58.3

CN III (0.05) 76.3

Observed

CN I (0.05) 37

14
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Figure 4-16. Hydrograph simulations from 9-16-08 (1.8 in) rainfall event with CN values
resulting from 20% and 5% initial abstraction ratios and standard lag time.
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CN I 82.6

CN II 91.9

CN III 96.3

CN II (0.05) 88.3

CN III (0.05) 94.6

Observed

CN I (0.05) 76.1
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10/5

10/7

10/9
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Figure 4-17. Hydrograph simulations from 9-25-08 (1.7in) rainfall event with CN values
resulting from 20% and 5% initial abstraction ratios and standard lag time.
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CN I 67.5
CN I (0.05) 55.2
Observed

CN II 83.2
CN II (0.05) 74.6

CN III 91.9
CN III (0.05) 87.1
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Total Discharge (cfs)

12
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9/29
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10/9

10/14

10/19

10/24

10/29

Figure 4-18. Hydrograph simulations from 10-9-08 (1.7 in) rainfall event with CN values
resulting from 20% and 5% initial abstraction ratios and standard lag time.
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CN I 83.7

CN II 92.4

CN III 96.6

CN II (0.05) 89.3

CN III (0.05) 95

Observed

CN I (0.05) 77.8
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11/1
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Figure 4-19. Hydrograph simulations from 10-24-08 (5.7 in) rainfall event with CN
values resulting from 20% and 5% initial abstraction ratios and standard lag time.
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11/4

15

CN I 64.5
CN II (0.05) 74.1

CN II 81.2
CN III (0.05) 86.8

CN III 90.9
Observed

CN I (0.05) 54.6

Discharge (cfs)
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12/14/08

12/16/08

12/18/08

12/20/08

12/22/08

Figure 4-20. Hydrograph simulations from 12-9-08 (1.1 in) rainfall event with CN values
resulting from 20% and 5% initial abstraction ratios and standard lag time.
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CN I 81.7
CN II (0.05) 87.6

CN II 91.4
CN III (0.05) 94.2

CN III 96.1
Observed

CN I (0.05) 74.8
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Figure 4-21. Hydrograph simulations from 3-1-09 (1.0 in) rainfall event with CN values
resulting from 20% and 5% initial abstraction ratios and standard lag time.
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CN II 68.7

CN II 83.9

CN III 92.3

CN II (0.05) 75.7

CN III (0.05) 87.8

Observed

CN I (0.05) 56.7
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Figure 4-22. Hydrograph simulations from 4-2-09 (3.5 in) rainfall event with CN values
resulting from 20% and 5% initial abstraction ratios and standard lag time.
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CN I 44.2

CN II 65.3

CN III 81.3

CN II (0.05) 49.2

CN III (0.05) 69

Observed

CN I (0.05) 28.9
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Figure 4-23. Hydrograph simulations from 8-28-09 (3.3 in) rainfall event with CN values
resulting from 20% and 5% initial abstraction ratios and standard lag time.
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CN I 59.1

CN II 77.5

CN III 88.8

CN II (0.05) 66
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Figure 4-24. Hydrograph simulations from 9-23-09 (1.5 in) rainfall event with CN values
resulting from 20% and 5% initial abstraction ratios and standard lag time.
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CN I 65.3
CN II (0.05) 72.4
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Figure 4-25. Hydrograph simulations from 10-28-09 (1.5 in) rainfall event with CN
values resulting from 20% and 5% initial abstraction ratios and standard lag time.
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Figure 4-26. Hydrograph simulations from 12-18-09 (5.7 in) rainfall event with CN
values resulting from 20% and 5% initial abstraction ratios and standard lag time.
Only 13 of the 15 rainfall events were simulated. Rainfall events on 11-3-08, 11-12-08
and 11-29-08 were not included in the analysis because (1) rainfall was less than 1 inch
and (2) while back-calculating a CN value, the runoff value exceeded the rainfall amount,
and resulted in an invalid storage capacity. Possible reasons for this occurrence are: (1)
runoff volume over-estimated in hydrograph separation calculations (See Chapter 3 –
Hydrograph Separation), (2) the watershed was super-saturated from the rainfall event
10-24-2008 (5.7 in) and the runoff volume is influenced by the previous storms residual
runoff, (3) there is a subsurface contribution due to the high water table position and
saturated soil storage, (4) the watershed area delineated is too small for these three
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events, meaning the contributing area is greater than 0.625mi2,or (5) there may be errors
in the data at the upper monitoring location that would result in erroneous flow
calculations and thus inflate the volume gained along the reach between the monitoring
locations. Any of these hypotheses could result in the runoff volume being greater than
the rainfall parameter. Logically, there cannot be more runoff than rainfall from a given
watershed area, so mathematically the storage parameter equates a number less than zero,
which is not a valid capacity and indicates physically that all the rainfall became runoff.
The negative value, however, is not valid for calculating CN values. Storage values that
are approaching zero result in CN values of 98 and 99, which are the upper limits of the
CN range. The input data for each of these rainfall events can be seen in Table 4-Error!
Reference source not found.5. The runoff values are higher than the rainfall amounts,
because during this period, most likely the watershed was still draining from a previous
rainfall event on 10-24-08 (5.7 in). Also as mentioned before, it is possible that the
hydrograph separation technique used - baseflow regression - did not account for the
effects of prior storms and over-estimated the predicted runoff from the rainfall input
contribution. The actual contributing watershed area is also probably larger than the
simulated area which results in high CN values that are not feasible. CN values that are
approaching 98 indicate that the watershed is physically not storing any rainfall and all of
the rainfall is leaving the watershed as runoff. These analyses indicate that there are not
any losses such as interception, depressional storage or infiltration. Since it is known that
interception and infiltration losses and depression storage do occur in this low gradient
forested watershed, it is appropriate to assume that the storage parameters in the curve
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number estimates are erroneous in simulating the watershed runoff response to these
three rainfall events.

Observed Peak Flow

Predicted Peak Flow

Nash Sutcliffe Efficiency
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Figure 4-27. Predicted peak flow rates from HEC-HMS simulations compared to
observed peak flows and corresponding highest ENS value for each event.
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Figure 4-28. Predicted runoff volumes from HEC-HMS simulations compared to
observed runoff volumes and corresponding highest ENS value for each event.
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Figure 4-29. Predicted total volume from HEC-HMS simulations compared to observed
total volumes and corresponding highest ENS value for each event.
Nash Sutcliffe efficiencies were highest for storm event on 10-9-08 (0.84) and lowest for
storm event on 9-23-09 (-8.85) The results are summarized in Figures 4-27, 4-28, 4-29
and in Tables 4-6 and 4-7. The results of simulation with the best ENS value are shown in
Table 4-6 with observed and predicted peak flow rate, runoff volume and total volume.
Graphically, the observed and predicted peak flow rates are shown in Figure 4-27,
observed runoff volume and predicted runoff volume in Figure 4-28 and observed total
volume and predicted total volumes in Figure 4-29. Results are mixed in degrees of
accuracy, similarity and correlation. The peak flow rates were predicted well with
varying degrees of accuracy. Looking at the predictions of runoff volume and comparing
to the observed runoff volume values (Figure 4-28), generally the simulation over
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predicted the volume by varying degrees. This is most likely due to how HEC-HMS
calculates runoff and baseflow volumes differ from the baseflow recession backcalculation technique used in hydrograph separation to determine runoff and baseflow
volumes of the observed. The predicted total volume values compared to the observed
total volume values generally are close in value (Figure 4-29). However for larger total
volume events (>4in), (10-24-08, 4-2-09, 12-8-09), in two of the three rainfall events, the
total volume was over-predicted (10-24-08 and 12-18-09). These events were at the end
of growing season and the water table was above the threshold elevation for streamflow
(Figure 4-31). The other event, 04-02-09 occurred when the water table was above the
threshold elevation, but was at the beginning of the growing season and the total volume
was under predicted when the ground water table was falling due to the increase in ET.
These three events indicate that perhaps the watershed area is greater than 400 acres
when the ground water elevation is high. The contribution of groundwater is dependent
on the ground water table level. The groundwater table and related soil storage capacity
is in turn affected by evapotranspiration rates, rainfall input and antecedent runoff
conditions, collectively. The position of the ground water table also affects the
contributing watershed area.
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Table 4-6. Observed and predicted peak flow, runoff and total volume with the best
simulation based on Nash-Sutcliffe efficiency for each rainfall event.
Peak flow rate (cfs)

Rainfall
Event

Runoff Volume (in)

Total Volume (in)

E NS
(in)

Observed

Predicted

Observed

Predicted

Observed

Predicted

9/5/2008

3.4

0.36

9.1

10.8

0.15

0.27

0.9

1.0

9/11/2008

1.0

0.65

6.7

6.6

0.12

0.31

1.0

0.9

9/16/2008

1.8

0.35

8.5

8.7

0.18

0.34

1.9

1.5

9/25/2008

1.7

0.78

7.1

7.1

0.47

0.5

1.8

1.6

10/9/2008

3.4

0.84

9.6

11.7

0.90

1.96

3.5

3.2

10/24/2008

5.7

0.60

99.4

114.5

3.89

3.67

7.5

13.3

12/9/2008

1.1

0.35

5.0

6.5

0.26

0.12

1.7

1.5

3/1/2009

1.0

0.84

4.2

6

0.21

0.33

0.9

0.9

4/2/2009

3.5

0.77

12.3

16.4

0.54

2.15

7.2

5.8

8/28/2009

3.3

-2.37

1.0

2.3

0.09

0.04

0.1

0.04

9/23/2009

1.5

-8.85

0.03

0.10

0.004

0.00

0.004

0.00

10/28/2009

1.5

-0.37

0.20

0.2

0.03

0.2

0.03

0.03

12/18/2009

5.7

-0.862

50.7

44.2

4.6

4.47

4.8

6.72

For each rainfall event the best (closest to 1.0) ENS is reported with the results of peak
flow rate, runoff volume and total volume from the simulation and compared to the
observed data. At first glance the last 4 storms in the analysis have negative ENS, which
indicates that the average observed flow would have done a better job than the predicted
runoff. The 8-28-09, 9-23-09, and 10-28-09 rainfall events had very low flows. The
Nash–Sutcliffe efficiency is not very sensitive to low flow conditions. The 12-28-09
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event uncharacteristically had a negative ENS because the observed data come from the
ISCO 2150 AV sensors in the circular culverts. The velocity data is a little noisy and
may have included erroneous values. The modified Parshall flume data could not be used
because the flume was submerged and therefore could not be used as an accurate flow
measurement. Looking at the simulation hydrographs in Figure 4-26 and compared to the
observed hydrograph, the observed data has a quick peak with a few data points over a
few hours, while the predicted hydrograph shows that the flow was maintained over
many hours. With these large flows, the ENS will quickly approach a negative value. It
should be noted that the first six rainfall events the flow data come from the ISCO 2150.
However after the large storm on 10-24-09 (5.7in) the culverts collected sediment and the
Doppler velocity sensor was not as accurate.
In comparing the peak flow rate, runoff volumes and total volume between the predicted
values by HEC-HMS and the observed values, there are mixed results. The peak flow
rates are generally close. The runoff volume was over predicted in most cases, perhaps
due to how HEC-HMS calculated baseflow contribution. The total volumes are overpredicted on large rainfall events (4+ inches). This can is possibly because of the “Ratioto- Peak” parameter in HEC-HMS that calculates the recession flow. HEC-HMS
calculated baseflow with an exponential recession curve based in the initial flow rate.
The baseflow declines until the hydrograph recedes to the point where the ratio of the
peak and the current flow rate equal the user specified “Ratio-to-Peak” value. At this
point the baseflow begins increase gradually to the hydrograph. The baseflow recession
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trend in HEC-HMS looks like the inverse of the baseflow recession curve calculated
during Hydrograph Separation (Chapter 3).
Table 4-7. Nash-Sutcliffe efficiencies for each simulation. Curve numbers
corresponding to each antecedent runoff condition and initial abstraction. Highlighted
are the best fits according to the Nash-Sutcliffe efficiencies for each initial abstraction.
20% Ia

5% Ia

Event

CN I

CN II

CN III

CN I

CN II

CN III

9/5/2008

0.29

-0.65

-9.28

0.36

-7.24

-39.64

9/11/2008

-1.02

-0.45

0.24

-0.72

0.06

0.65

9/16/2008

-1.47

-0.61

0.35

-1.21

-0.04

0.34

9/25/2008

0.74

0.58

-0.16

0.78

0.46

-0.81

10/9/2008

0.17

0.67

0.82

0.16

0.73

0.84

10/24/2008

0.51

0.12

-0.15

0.60

0.15

-0.21

12/9/2008

-0.57

0.35

-1.18

-0.38

0.33

-5.57

3/1/2009

0.01

0.71

0.83

0.50

0.84

-0.48

4/2/2009

0.13

0.56

0.69

0.03

0.57

0.77

8/28/2009

-2.4

-13.6

-59.4

-19.9

-112.6

-436.7

9/23/2009

-8.9

-39.1

-193.2

10/28/2009

-0.4

-6.0

-8.4

-23.5

-108.2

-370.1

12/18/2009

-1.0

-1.4

-1.6

-0.9

-1.4

-1.6
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-3075.1 -14853.9

-57208.8

Results of HEC-HMS simulations for each initial abstraction value and for the three
curve numbers as corresponding to the antecedent runoff conditions are provided in Table
4-7. First, in comparing the initial abstractions, the highest ENS occurred in the same
antecedent moisture condition for each rainfall event, but one (3-1-09). This occurs
because CN0.05 is the conjugate of CN0.20. Second, the CN0.05 values predominately had
the highest ENS values, compared to the CN0.20 values, indicating that CN0.05 simulations
resulted in better predicted hydrograph when compared to the observed hydrograph.
Third, based on our observed versus predicted stream flows, low flow conditions were
not modeled well in HEC-HMS. Finally, it should be pointed out that the 12-18-09
rainfall event is an outlier. With a high intensity rainfall event and a total of 5.7 inches of
rain, which resulted in high flow rates, it would have been expected that the HEC-HMS
simulation would predict the hydrograph with accuracy. However the Nash-Sutcliffe
efficiency analysis resulted in a negative ENS value. The negative ENS value indicates that
the average of the observed would serve as a better indicator than the predicted.
However looking at Figure 4-27, the predicted hydrographs was able to mimic the peak
flow rate, but the volume of the hydrograph is overestimated when compared to the
observed hydrograph volume. The negative ENS values for the 12-18-09 dataset are most
likely a result of the observed data than the predicted data. The observed hydrograph
data has some gaps and jumps that were produced from sensor error. Sensor errors are
mostly likely due to sediment on the sensor in the culverts causing erroneous velocity
readings.
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Figure 4-30. Comparison of the two curve numbers for highest Nash-Sutcliffe
efficiencies for each rainfall event. The two curve numbers correspond to the initial
abstraction treatment.
Again a larger dataset is required to determine statistically meaningful relationships, but
based on the data at hand, when there is baseflow, the curve numbers range from 70 to
95. When baseflow is absent, the curve numbers are much lower (45-65), reflecting the
dry antecedent conditions. The last four rainfall events in this analysis, in August
through December, mimic the rise in ground water table with the increasing curve
number. In Figure 4-30, the last four rainfall events 8-28-09, 9-23-09, 10-28-09 and 1218-09 the best performing curve numbers (based on their ENS values) for these storms
were 44.2, 59.1, 65.3 and 90.1, respectively. When the water table is above the threshold
elevation, the calculated curve numbers range from 85 to 96.
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Figure 4-31. Ground water elevation near the watershed divide (P1) during 2009.The
solid black line is the maximum ground water elevation without flow in the stream and
threshold for streamflow. The circles indicate the rainfall events (>1.0 inch) with the
calculated curve number and AMC.

There were six rainfall events in 2009 with ground water elevation available for insight to
how the Upper Debidue Creek watershed responds to rainfall events and how HEC-HMS,
and the SCS Curve Number predict the watershed to respond. The maximum water table
elevation without flow is 127in AMSL. The first two analyzed rainfall events of the year,
3-1-09 and 4-2-09, the ground water elevation is well above the line. Baseflow or
groundwater contributed to the hydrographs for these rainfall events. It can be seen in
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Figure 4-31, there were at least four rainfall events that brought the water table up shortly
only to be drawn down quickly due to the high ET rates during the growing season. The
stream did not start flowing again until mid-November at the end of the growing season.
There were three rainfall events (8-28-09, 9-23-09 and 10-28-09) in the fall that produced
low flows in the Parshall flume. The ground water table is well below the line during
these events. It was assumed in the HEC-HMS modeling that there was no baseflow
contribution. The final storm in the analysis, 12-18-09, with the increased rainfall
frequency and decline in ET prior to the rainfall event, the water table was up and the
baseflow contributed to the total volume of the hydrograph comparatively more than the
three rainfall events in this analysis. In Table 4-8 is the average ground water level for
each rainfall event in 2009 along with the CN conditions that had the best fit from the
Nash-Sutcliffe efficiency analysis. The first two rainfall events had the best results as
CN III for wet conditions with a ground water table level greater than 127 inches AMSL.
The next three rainfall events had best results as CN I for dry conditions and the ground
water level was well below the flow threshold of 127in. AMSL. The last rainfall event
(12-18-09) had the highest average groundwater level and the best hydrograph results
were considered CN I. Initially all six rainfall events qualified as CN I conditions based
on the 5 day antecedent rainfall amount. This could indicate that the antecedent rainfall
amount in the 5 days prior to the rainfall event does not adequately categorize antecedent
runoff conditions and instead the groundwater table has more influence on this lower
coastal plain, shallow water table watershed’s runoff response.

172

Table 4-8. Rainfall events with average ground water level during the duration of the
hydrograph, rainfall in the 5 days prior to the rainfall event and the curve number
condition with the best fitting predicted hydrograph.
Antecedent

Average

Rainfall previous

Groundwater Level

Rainfall Event

5 days [in]

AMSL [in]

CN Conditions

3/1/2009

0.6

130.3

CNIII

4/2/2009

0.7

133.2

CNIII

8/28/2009

0.4

99.7

CNI

9/23/2009

0.1

94.1

CNI

10/28/2009

0.2

93.2

CNI

12/18/2009

0.15

142.0

CNI

CONCLUSIONS
Understanding the watershed area and the influence of the groundwater table position is
critical to accurately modeling streamflow response in low gradient coastal headwater
streams with shallow water tables. The watershed area of Upper Debidue Creek is ever
changing as the water table position, antecedent runoff conditions and evapotranspiration
rates and the subsequent related water conveyance process is complex. However with
water budget estimates and hydrograph separation it is possible to establish a relationship
between runoff and CN values. The streamflow and rainfall data from the past year were
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used to determine parameters for a hydrological model, HEC-HMS. Overall HEC-HMS
is capable of predicting streamflow; however the assigning of curve numbers is not a
trivial task. Five day antecedent runoff conditions based on criteria defined by Boughton
(1989) did not improve model output. In assigning antecedent runoff conditions, nearly
all of the rainfall events qualified as dry conditions, however in the results shown in
Table 4-Error! Reference source not found.7 the best fitting CN values were evenly
distributed among the three conditions (dry, average and wet). In the dormant season the
watershed tends to reflect higher curve numbers and once the growing season begins, the
curve numbers decline to reflect that not very much of the rainfall converted to runoff. In
evaluating the two initial abstraction values, when compared to observed flows and based
on Nash-Sutcliffe efficiency, simulations using Ia0.05 and CN0.05 produced better
hydrograph predictions than the Ia0.20 and CN0.20 values. The results from simulations of
streamflow in Upper Debidue Creek with comparisons to observed flow measurements
support the findings of the Lim et al., (2006) study that using Ia0.05 approach can improve
predictions of direct runoff contribution. For possible future development in this
watershed, the most important rainfall events to simulate are when the ground water level
is above the threshold of 127 AMSL in at the watershed divide. Once the water table is
above that point, the watershed responds with greater discharge volumes. The watershed
response is not completely dependent upon the magnitude and intensity of the rainfall
event or the number of antecedent days without rainfall. Curve numbers ranged from 76
to 96 during wet conditions, 74 to 81 during average conditions and 33 to 91 for dry
conditions. Additional data to increase the size of the dataset is needed to refine the
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assignment of curve numbers to rainfall events based on antecedent runoff conditions and
ground water position.
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CHAPTER FIVE
CONCLUSIONS AND FUTURE DIRECTIONS
In creating a water budget for the past year and a half, separating the 13 hydrographs into
baseflow and runoff and then modeling the hydrographs with HEC-HMS, there was one
resounding parameter that is not directly incorporated into each of these facets:
groundwater table position. For Upper Debidue Creek watershed, the ground water table
position affected these three processes in attempts to establishing a relationship between
rainfall events and stream response. For the water budget, monthly and weekly intervals
were calculated. As a result the weekly interval produced improved results when
compared to the monthly Thornthwaite water budget. Nash-Sutcliffe efficiencies were
determined based on observed and predicted runoff. From July 2008 to December 2009,
the monthly water budget had an ENS of -1.23, indicating that the overall average
observed runoff would be a better estimate than the predicted monthly runoff values. For
the same time period, the weekly water budget had an ENS value of 0.40, indicating that
the weekly water budget better estimated runoff than the monthly water budget runoff
estimates. In Figure 3-7 and 3-8 the weekly water budget of 2008 and 2009 display the
observed and predicted weekly runoff values. The runoff was best predicted at the height
of the dormant season when the ET rates had fallen off and during the peak of the
growing season, May through August, when the ET rates were greater than rainfall
received and no runoff was produced. During the transitioning period between growing
season and dormant season was when the water budget model over predicts runoff due to
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the combination of ET and soil storage parameters not representing what was physically
occurring in the watershed. Toward the latter part of the year, the observed runoff
increases with the increase in rainfall, decrease in PET rates (Figure 3-9), and rise in
ground water table elevation (Figure 3-10). This observation spurred the analysis of at
which ground water elevation does the stream flow. The ground water elevation data
from the sensor at the watershed divide (P1) with the longest data set was used in the
analysis. Comparing to streamflow at the outlet of the watershed, it was found that the
“threshold elevation” for flow occurred at 127in. AMSL. Groundwater elevation above
127in. at the watershed divide indicated that flow was imminent at the watershed outlet.
This parameter could be useful when determining antecedent runoff conditions for
hydrologic modeling and perhaps with a longer data set a relationship with runoff:
rainfall ratios can be determined as well.
The next process was hydrograph separation, which had to occur somewhat
simultaneously with water budgeting because runoff volumes were needed to compare
predicted runoff to observed runoff. Two obstacles in this research were estimating a
watershed area and the best method for separating the hydrograph into baseflow and
runoff components. The watershed area is usually the first parameter determined when
modeling a watershed or normalizing runoff volumes. However for the lower coastal
plain, the watershed area contributing to runoff tends to fluctuate with the ground water
elevation. After trial and error, an approach was used to back calculate a watershed area
based on rainfall and stream flow volume. An average watershed area of 400 acres
(0.625 mi2) was determined and used for all 13 hydrograph analyses. Two approaches
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were taken for hydrograph separation, the straight line method (Chow et al., 1988) and
the back-calculation baseflow regression method (Williams, 2007). Initially, it was found
that baseflow does not behave as a constant and the results in Table 3-1 show that the
straight line method is not a viable method for hydrograph separation as the runoff to
rainfall ratios are greater than 1 in many cases. This method was abandoned for rainfall
events that had an initial flow greater than zero. There were 3 rainfall events that
produced very low flows and the straight line method was applicable. The second
approach of back-calculating a baseflow regression produced far better results as seen in
Table 3-2. Runoff:Rainfall ratios were observed to increase during the dormant season
and decline in the growing season, when ET rates increase and groundwater table
elevation decreases. In fact during the two years of observation there were no rainfall
events with measurable runoff during the peak of the growing season. With more rainfall
events, it is possible an average runoff: rainfall ratio can be assigned seasonally.
The final step was back calculating Curve Number values to assign to the watershed.
Curve numbers are usually based on land cover, land use, and hydrologic soil groups.
However with a low gradient and shallow water table, the straight forward method of
assigning a curve number to the Upper Debidue Creek watershed is not applicable.
Curve numbers were back calculated based on precipitation, flow and initial abstraction
criteria (20% and 5%). The CN value derived was then assigned based on the criteria
defined by Boughton, (1989) to assign antecedent runoff conditions based on antecedent
rainfall amounts in the 5 days prior to the rainfall event which did not exactly coincide
with the results of the simulations. In the assigning of antecedent runoff conditions,
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nearly all of the rainfall events qualified as dry conditions, however in the results shown
in Table 4-7) the best fitting CN values were evenly distributed among the three
conditions (dry, average and wet). In the dormant season the watershed tends to have
higher curve numbers and once the growing season begins, the curve numbers decline to
reflect that not very much of the rainfall converted to runoff. In evaluating the two initial
abstraction values, when compared to observed flows and based on Nash-Sutcliffe
efficiency, simulations using Ia0.05 and CN0.05 produced better hydrograph predictions
than the Ia0.20 and CN0.20 value. The results from simulations of streamflow in Upper
Debidue Creek with comparisons to observed flow measurements support the findings of
the Lim et al., (2006) study that using Ia0.05 approach can improve predictions of direct
runoff contribution. In Upper Debidue Creek and based on 13 storm events over the past
two years, curve numbers ranged from 76 to 96 during wet conditions, 74 to 81 during
average conditions and 33 to 91 for dry conditions. For possible future development in
this specific watershed, based on the data collected over the past year, the most important
rainfall events to consider are when the ground water level is above the threshold of 127
in. AMSL at the watershed divide in Upper Debidue Creek (at piezometer P1). Once the
water table is above that point, the watershed responds with greater stream discharge
volumes in Upper Debidue Creek. The watershed response is not completely dependent
upon the magnitude and intensity of the rainfall event or the days prior without rainfall.
A larger data set is needed to refine the assignment of curve numbers to rainfall events
based on antecedent runoff conditions and ground water position.
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Future directions of investigation in establishing a working water budget for a lower
coastal plain watershed with a shallow water table should include: (1) the need to
incorporate ground water elevation into the Thornthwaite water budget; (2) exploring
more concise method of determining soil storage; (3) investigate time intervals for
improving water budget models; (4) exploring a relationship between ET rates and
groundwater table drawdown. Further investigations with hydrograph separation for
developing runoff :rainfall relationships should include: (1) longer data set for
establishing possible seasonal ratios, (2) expanding hydrograph separation into chemical
hydrograph separation with end-member mixing analysis. Future directions with
modeling with curve numbers should include (1) determining antecedent moisture
conditions based on ground water elevation for back-calculating curve numbers; (2)
adjusting HEC-HMS parameters such as “Ratio to Peak” for better fitting hydrograph
predictions; and (3) forward predicting based on rainfall amount and intensity and ground
water table level.
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